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ABSTRACT 
 Seedling disease of soybean is an economically important disease that reduces 
crop stands and may reduce yield. Symptoms of seedling disease include pre- and 
post-emergence damping-off and root rot. Many species of Pythium and Fusarium 
cause seedling disease and are frequently recovered together from diseased soybean 
seedlings. Host resistance as a strategy to manage multiple pathogens has only briefly 
been explored in soybean and the interaction between these pathogens is unclear. To 
better understand the soybean-Pythium pathosystem, lab and growth chamber assays 
were conducted to accomplish the following objectives, 1) identify with resistance to 
seed and root rot caused by multiple Pythium species in the parental lines of the 
SoyNAM populations, 2) map quantitative trait loci (QTL) contributing to seed rot caused 
by multiple Pythium species in a SoyNAM population, and 3) evaluate the effect of co-
inoculation with Pythium and Fusarium species on soybean seedling disease 
development.  
 A seed and root rot assay was used to evaluate traits associated with seed and 
root rot. The SoyNAM parents were screened for resistance to Pythium lutarium, P. 
oopapillum, P. sylvaticum, and P. torulosum. Of the 40 SoyNAM parents, Magellan, 
Maverick, CLOJ095-4-6, and CLOJ173-6-8 were resistant to P. lutarium, P. sylvaticum, 
and P. torulosum. The remaining parents were resistant to two, one, or none of the 
species they were screened against. A correlation analysis was performed to compare 
seed and root rot severity, and a weak to insignificant correlation was found suggesting 
that resistance to seed and root rot are not necessarily the same.  
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The 140 recombinant inbred lines (RILs) of SoyNAM population 29 (PI 427.136 x 
IA3023) were evaluated for seed rot resistance to P. lutarium, P. oopapillum, and P. 
sylvaticum. Assessments included seed rot severity (SRS), percent rotted seeds 
(ROTS), and adjusted germination (GERM). Inclusive composite interval mapping was 
performed to identify quantitative trait loci (QTL) contributing to seed rot resistance to 
three Pythium species. When the log of the odds (LOD) threshold was set using 1000 
permutations, no QTL were identified for resistance. When the LOD was manually set at 
3, several QTL were identified for resistance to each Pythium species, however the 
explained phenotypic variance (PVE) for all QTL was below 2.3%. Further screening 
with a modified assay may be necessary to identify QTL for resistance to seed rot. 
The interaction between P. irregulare or P. sylvaticum with either Fusarium 
oxysporum or F. graminearum on soybean, was evaluated in a cup assay under 
controlled environmental conditions. Each interaction was evaluated in a separate 
experiment that was repeated three times. Controls included a non-inoculated control, 
and a Pythium-only and Fusarium-only treatment, the species of which corresponded to 
the interaction being tested. Disease development parameters, disease severity (DS), 
wet root weight (WRW), and emergence (EME) were assessed at five sampling times, 
2, 4, 6, 8, and 10 days after planting (DAP). Generally, no significant differences in DS, 
WRW, and EME was detected among the Pythium-only and Pythium-Fusarium 
treatments in all of the experiments. Less disease development occurred in the F. 
oxysporum treatments while disease in the F. graminearum treatment was comparable 
to the Pythium-only treatments. Over time, DS and WRW increased, and EME remained 
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constant in the Pythium-Fusarium treatments. Overall, under the conditions used in this 
study, there was no evidence that co-inoculation with Pythium and Fusarium species 
affected the development of seedling disease in soybean.
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CHAPTER 1. 
 
GENERAL INTRODUCTION 
 
 
 
Dissertation organization 
 
 This dissertation is organized into five chapters. The first chapter is a general 
introduction, including a literature review and justification for this research. Chapter 
two discusses resistance of SoyNAM parents to seed and root rot caused by 
multiple Pythium species. Chapter three describes the process of identification of 
quantitative trait loci for resistance to seed rot caused by three Pythium species. 
Chapter four includes experiments to assess the interaction between Pythium and 
Fusarium species on soybean under controlled conditions. Chapter five includes 
general conclusions of this research and recommendations and is followed by an 
appendix. 
 
 
Literature review 
Soybean Production 
 Soybeans are an oilseed crop produced for their high oil and protein content. 
The oil is used for human consumption and in the biodiesel industry, the protein and 
grain are used for animal feed. The United States is the largest soybean producer, 
followed by Brazil, Argentina, and China (USDA-FAS). In 2016, over 83 million acres 
were planted with soybeans in the U.S., 9.5 million of which were in Iowa (USDA-
NASS). On average that year, yields in the U.S. were 52.1 bushels/acre; however 
2 
 
the average in Iowa was 60.5 bushels/acre, and was worth over 5 billion dollars to 
the state (USDA-NASS). 
 Diseases in soybean are a constraint to production. In 1998, soybean yields 
were drastically reduced in the top 10 soybean producing countries because of 
disease (Wrather et al. 2001). Moreover losses in these regions increased from 
1994 to 1998 from a total loss of 14.99 x 106 tons to 28.5 x 106 tons (Wrather et al. 
2001), possibly due to changing weather conditions. In 2006, Wrather and Koenning 
(2009) reported a reduction in soybean yield of over 410 million bushels in the U.S. 
due to disease.  
Seedling Disease 
 Seedling disease is economically important in both the northern and southern 
soybean growing regions in the U.S. (Wrather and Koenning 2006). From 1989 
through 1991, over 81 million bushels per annum were lost in the U.S. due to 
seedling disease. Between 1996 and 2007, seedling diseases were ranked 2nd to 6th 
among diseases reducing yield in soybeans (Wrather and Koenning 2009).  
 There are numerous pathogens known to cause seedling disease including 
Pythium species, Fusarium spp., Phytophthora sojae M.J. Kaufmann & J.W. 
Gerdemann, and Rhizoctonia solani Kühn. In Iowa, Pythium spp., Phytophthora 
sojae, and Rhizoctonia solani are the primary causes of seedling disease (Rizvi and 
Yang 1996), although, Pythium spp. are most frequently recovered in association 
with diseased seedlings (Yang and Feng 2001; Murillos-Williams and Pedersen 
2008).  In a survey conducted in the Midwest in 2011 and 2012, to recover 
oomycetes from diseased soybean seedlings, 84 species were collected, of which 
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95% were Pythium spp. (Rojas et al. 2017). Previously in 1996 and 2008, a low 
prevalence of Ph. sojae was recovered from diseased soybean seedlings (Rizvi and 
Yang 1996; Murillos-Williams and Pedersen 2008). 
 The symptoms of seedling disease generally include pre- and post-
emergence damping-off and root rot. Damping-off occurs when a seed has rotted 
and fails to emerge or when the root rot is so severe that the seedling dies soon 
after emergence. Root rot appears as necrotic lesions on the roots of the host plant. 
Plants can survive infection from seedling disease pathogens but this may result in 
reduced plant growth and vigor and lower yields (Broders et al. 2007a).  Díaz Arias 
et al. (2013) reported a significant relationship between infection by Fusarium and 
reduced yield.  
Seedling disease frequently occurs when there is high soil moisture (Brown 
and Kennedy 1966; Biesbrock and Hendrix 1970a; Biesbrock and Hendrix 1970b). 
Water availability is important for pathogen growth and favors infection. When soil 
moisture is high the rhizosphere of the host plant is expanded because exudates 
move further from the root (Kirkpatrick et al. 2006). Temperature can also play an 
important role in the development of seedling disease. In Pythium spp. temperature 
has been reported to influence both pathogenicity and aggressiveness of isolates 
(Thomson et al. 1971; Matthiesen et al. 2016). 
Pythium species 
Phylogenetic organization and characteristics 
 Of the seedling disease pathogens, Pythium spp. are the most prevalent in 
Iowa (Yang and Feng 2001; Murillos-Williams and Pedersen 2008). Pythium species 
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are fungal-like organisms belonging to the Kingdom Chromista (Kendrick 2000). 
Phylum Oomycota which is made up of non-photosynthetic organisms that are 
osmotrophic and have filamentous growth (Thines and Kamoun 2010; Lévesque 
2011). Within the Oomycota, Pythium spp. are of the order Peronosporales and 
family Pythiaceae (Kendrick 2000).  Unlike the true fungi, oomycetes have diploid 
nuclei and their cell walls are mostly composed of cellulose, β-1, 3-D glucans, and β-
1, 6-D glucans (Bartnicki-Garcia 1968). Many oomycetes in this family are soil 
inhabitants and can live saprophytically or survive as oospores, a long-term survival 
structure, for many years (Yang 1999). However, Pythium spp. are not good 
competitors with other soil microbes and this restricts their activity in the soil 
(Hendrix and Campbell 1973). Pythium spp. are necrotrophs, meaning they kill host 
cells, and degrade host cell tissues (Raajimakers et al. 2009). Due to their lifestyle, 
Pythium spp. have a wide host range and many are also widely distributed (Hendrix 
and Campbell 1973).  
 The genus Pythium was described in 1858 by Pringsheim (Hendrix and 
Campbell 1973).  There are over 250 species organized in 11 clades based on 
ribosomal DNA (rDNA) internal transcribed spacer region (ITS) sequence data 
(Lévesque and De Cock 2004; Robideau et al. 2011), although cytochrome c 
oxidase subunit I (COI, COXI), a mitochondrial gene has also been considered 
useful for organizing Pythium spp. (Robideau et al. 2011). The clades are not 
correlated with distribution, host range, or mating system, but rather the shape of 
their sporangia (Lévesque and De Cock 2004).  
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Although most Pythium spp. are plant pathogens, some have beneficial 
effects on plant growth or biocontrol activity. Radmer et al. (2017) noted that P. 
pleroticum on soybean and P. inflatum and P. acrogynum on corn gave a positive 
growth response. P. oligandrum is a well-known mycoparasite (Bates et al. 2008).  
In 2011 and 2012 a survey of soybean seedling disease was done across the 
Midwest, Pythium sylvaticum, P. oopapillum, P. aff. dissotocum, P. aff. torulosum, P. 
lutarium, P. heterothallicum, P. ultimum var. ultimum, and P. irregulare were the 
most frequently isolated oomycete species and all are known plant pathogens 
(Rojas et al. 2017). In addition, 13 new pathogenic species of Pythium were found 
(Rojas et al. 2017).  
Symptomology and disease characteristics 
 Pythium spp. can infect soybean at various crop developmental stages. 
Infection results in pre- and post-emergence damping-off during the seed and 
seedling stage and root rot during later plant stages (Yang 1999). In snap bean five 
stages of infection by P. ultimum were described: seed decay, pre- and post-
emergence damping-off, root rot, and seedling blight (Pieczarka and Abawi 1978). 
Some Pythium spp. are more aggressive at rotting seeds than rotting roots 
(Matthiesen et al. 2016; Rojas et al. 2017). Persistent disease can last throughout 
the season because infection by Pythium can slow recovery after abiotic stresses, 
such as flooding (Kirkpatrick et al. 2006), but plants may continue to grow if there 
are favorable conditions (Broders et al. 2007a).  
Exudates released in the spermosphere, the area surrounding the seed, 
stimulates many microorganisms (Nelson 2004). Germination of P. ultimum 
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sporangia occurs rapidly in the spermosphere with maximum germination occurring 
between 3 and 4 hours after exposure (Stanghellini and Hancock 1971; Nelson and 
Craft 1989). Quantity and quality of exudates may affect infection of the host by 
pathogens. The soybean cultivar Hood released a high volume of carbohydrates that 
resulted in a high rate of pre-emergence damping-off (Keeling 1974). Pythium spp. 
colonize juvenile root tissue and near root tips, tissues which lack complex 
polysaccharides (Hendrix and Campbell 1973; Gold and Stanghellini 1985; 
Lévesque et al. 1993; Boudjeko et al. 2006; Bates et al. 2008). In cotton, more P. 
ultimum sporangia germinated within 1.5 mm of root tips and the root hair region and 
germ tubes were oriented toward the root surface (Johnson and Arroyo 1983). 
Life cycle 
 Pythium spp. overwinter as diploid oospores in soil and plant debris. The 
oospore germinates to form hyphae that can directly infect host cells or form 
sporangia. Sporangia can also germinate, produce hyphae and infect the host or can 
produce a vesicle, within which zoospores will form. Zoospores are the asexual, 
motile spore of oomycetes. They have two flagella, whiplash, and tinsel, which allow 
them to move under wet soil conditions.  Zoospores encyst and germinate and also 
infect the host. Germinated zoospores can also produce hyphae to infect host tissue.  
Meiosis occurs in the hyphae giving rise to an oogonium and antheridium (Kendrick 
2000). Pythium spp. may be either homo-or heterothallic, and consequently there 
may need to be more than one mating type for sexual reproduction to occur (Hendrix 
and Campbell 1973). When the antheridium and oogonium fuse, plasmogamy 
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occurs bringing two haploid nuclei together into the same cell, which fuse 
(karyogamy) to form a diploid oospore (Kendrick 2000).  
Environmental factors influencing infection 
Environmental factors influence infection of host plants by Pythium spp., 
including soil moisture and temperature (Hendrix and Campbell 1973). Kirkpatrick et 
al. (2006) recovered significantly more Pythium spp. when soils were flooded, in 
comparison to other seedling disease pathogens. Flooding causes seed and root 
exudates to move further from developing seedlings, creating an expanded 
rhizosphere (Nelson 2004), favoring pathogen infection. Additionally, Pythium spp. 
can produce swimming zoospores (Kendrick 2000) and they may travel further under 
flooded conditions.  
Temperature also plays an important role in pathogenicity. Thomson et al. 
(1971) found a correlation between the temperatures at which P. debarynum, P. 
aphanidermatum, and P. ultimum grew best and their ability to be a pathogen of 
soybean.  Similarly Matthiesen et al. (2016) reported P. sylvaticum grew better and 
was more aggressive on soybean at high temperatures (18 and 23°C), while P. 
torulosum grew better and was more aggressive at lower temperatures (13°C).  
Management 
Cultural practices 
 Many cultural practices can be used to reduce disease development. A 
common management practice is to use non-host crops in rotation to lower inoculum 
levels in the next growing season of the same crop and thereby reduce the risk of 
disease. Typically rotation crops in Iowa are corn and soybeans, however both crops 
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are often susceptible to similar Pythium spp. (Zhang and Yang 2000). In Iowa, 21 
isolates comprising four species were pathogenic on both crops (Matthiesen et al. 
2016). Similarly, seven of the 21 Pythium species isolated from soil or soybean 
seedlings in Minnesota were pathogenic on corn and soybeans (Radmer et al. 
2017).  
In the Midwest, many soybean growers plant early, starting April 25, to ensure 
maximum yield potential (De Bruin and Pedersen 2008). This practice exposes 
seeds to environmental conditions, such as cool, wet soils, which negatively affect 
germinating seeds and seedlings, thus in turn making them more susceptible to 
infection by Pythium spp. (Thomson et al. 1971; Zhang and Yang 2000).  
Reduced-tillage and no-till practices that leave corn and soybean residue on 
the soil surface have become increasingly common (Van Doren and Tripplett 1973; 
Griffith et al. 1977; Broders et al. 2007a). The residue provides a source of initial 
inoculum for the next growing season (Broders et al. 2007a), as well as keeping the 
soil cool and moist (Van Doren and Tripplett 1973; Griffith et al. 1977). Using more 
conventional methods of tillage or tiling can lower soil moisture and in turn reduce 
the risk of infection by Pythium (Van Doren and Tripplett 1973; Griffith et al. 1977). 
However, in Iowa, conventional tillage practices are not recommended because of 
the risk for soil erosion. 
Root damage increases disease severity in snap beans inoculated with 
Pythium (Pieczarka and Abawi 1978). Managing other root pathogens, such as 
nematodes, which can create an infection court, could help to reduce damage 
(Pieczarka and Abawi 1978).   
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Chemical and biological control 
Seedling diseases caused by Pythium spp. may also be effectively managed 
by chemical and biological treatment of soil and seeds. Fumigation with Telone-35 
(Dow Agro Sciences) reduced Pythium populations in the soil, however it was not 
effective for other seedling disease pathogens, such as Rhizoctonia solani and 
Phytophthora sojae (Murillos-Williams and Pedersen 2008). However, this is not 
practical for soybean production in Iowa.  
Fungicide seed treatments are becoming increasingly common on soybean 
seed (Munkvold 2009). To manage Pythium species, specific fungicides are used, 
such as metalaxyl, mefenoxam, and more recently ethaboxam (Dorrance et al. 
2012). Using either metalaxyl or mefenoxam as the sole seed treatment to control 
Pythium spp., selected for insensitive isolates of P. catenulatum, P. irregulare, P. 
paroecandrum, P. splendens, and P. torulosum (Dorrance et al. 2004). Similarly, 
neither mefenoxam, azoxystrobin, trifloxystrobin, nor captan, had the ability to inhibit 
growth of all 60 Pythium isolates (nine species and two morphological groups) tested 
(Broders et al. 2007a). It is also important to note that fungicide sensitivity in Pythium 
species has been found to be dependent on temperature (Matthiesen et al. 2016). 
Evidence from Dorrance et al. (2009) suggested that the efficacy period of the seed 
treatment in soybean is reduced because of epigeal germination, in which the seed 
treatment is carried on the seed coat above the soil surface. 
Diversity in Pythium spp. populations within and among fields makes it difficult 
to develop seed treatments, especially those that contain biocontrol agents (Broders 
et al. 2007a). In culture, several Rhizobium species were found to inhibit the growth 
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of P. irregulare and P. ultimum (Chao 1990). Moulin et al. (1996) identified a group 
of fluorescent pseudomonads which effectively reduced root rot in cucumber caused 
by P. aphanidermatum. Additionally in cucumber, a non-pathogenic isolate of 
Fusarium oxysporum, Fo47, was found to reduce disease development caused by 
P. ultimum (Benhamou et al. 2002). Trichoderma viride is a known mycoparasite that 
has been identified as a biocontrol agent of P. arrhenomanes, as well as Fusarium 
oxysporum f sp. adzuki (John et al. 2010). The efficacy of both of these biocontrol 
agents against other species of Pythium is unknown. 
Host resistance 
Host resistance is often the cornerstone of an effective disease management 
program. Genetic resistance in a host plant can be qualitative or quantitative. 
Qualitative resistance, or gene-for-gene resistance, occurs when there is a specific 
R gene in the plant that confers resistance to a specific race of the pathogen.  In 
quantitative resistance, there are many loci in the plant contributing to general 
resistance to a pathogen. Quantitative resistance is affected by environmental 
factors, more so than qualitative resistance (Schumann and D’Arcy 2010). 
Necrotrophic pathogens, like Pythium, tend to have wide host ranges, which 
indicates that there are likely no specific gene-for-gene resistance interactions 
between the host and pathogen (Raajimakers et al. 2009). Moreover, RXLR 
effectors, which are notably responsible for gene-for-gene interactions in 
Phytophthora species, are markedly absent in P. ultimum, P. irregulare, and P. 
iwayamai (Lévesque et al. 2010; Caballero and Tisserat 2016). Since there are no 
discrete resistance or susceptibility in soybean to infection by Pythium, observed 
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resistance is often based on comparison with a susceptible check (Bruehl 1983). 
Consequently, it can be difficult to phenotype soybean and breed for resistance to 
Pythium.  
Timing at which phenotypic evaluations are done may also affect screening 
data. Jones and Woodard (1983) found the incidence of wilted peanut seedlings and 
pod rot incidence in adult plants caused by P. myriotylum was significantly 
correlated. In snap bean, however, it was suggested that phenotype screening 
should be done at different timings when infection occurs, including seed rot, pre- 
and post-emergence damping-off, root rot, and blight (Pieczarka and Abawi 1978).  
Despite these hurdles, resistance to Pythium infection has been identified in 
several crop species. For example, Ohh et al. (1978) identified pea varieties with a 
high degree of resistance to pre-emergence damping-off and root rot caused by P. 
ultimum. They also reported a significant correlation between resistance identified in 
lab and greenhouse assays and resistance identified in the field. In grain sorghum, 
cultivar QL3 was resistant to infection by P. arrhenomanes, when compared to 
SC748-5 based on leaf length, leaf dry weight, and root dry weight (Forbes et al. 
1987). A range in susceptibility to infection by P. ultimum was observed in cotton 
and selection for resistance was successful in that researchers saw improvement in 
resistance in succeeding generations (Johnson and Palmer 1985). More recently, 
Nikmanesh et al. (2012) found that repeatedly selecting safflower genotypes with 
resistance to P. ultimum improved plant emergence. In maize, a single dominant 
gene, Rpi1, which confers resistance to stalk rot caused by P. inflatum, was 
identified (Yang et al. 2005).  Two quantitative trait loci (QTL), denoted RpiQI319-1 
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and RpiQI219-2, were later identified for resistance in maize to stalk rot caused by 
P. inflatum (Song et al. 2015). A single dominant gene in Phaseolus vulgaris 
confered resistance to P. ultimum var. ultimum, and three other markers were also 
identified that contributed to resistance (Mahuku et al. 2005). In some cases, 
resistance can be associated with unfavorable agronomic traits. Resistance to P. 
debaryanum, P. ultimum, and P. aphanidermatum was identified in processing bean 
cultivar N203, however breeding programs were unsuccessful because resistance 
was linked to unfavorable agronomic traits in this cultivar (Adegbola and Hagedorn 
1970).  
Resistance to Pythium species has also been reported in soybean. The 
soybean cultivar Archer has improved emergence and plant growth when compared 
to Hutcheson, and thus is considered resistant to P. ultimum, P. aphanidermatum, P. 
irregulare, P. vexans, and Pythium group HS (Bates et al. 2008). Archer has also 
been used as a parent in a mapping population to identify genes for resistance to P. 
aphanidermatum (Rosso et al. 2008). From this work one dominant resistance gene, 
Rpa1, was identified. In other work Ellis et al. (2013) mapped 6 QTL, which 
explained between 7.9 and 17.8% of the phenotypic variation in root rot score and/or 
root weight in 2 three-way cross populations inoculated with P. irregulare. These 
QTL were located in regions where resistance QTL for other soybean pathogens 
have been reported. 
Research has also been done to investigate what makes a soybean cultivar 
resistant to Pythium infection. There is a direct relationship between the amount of 
carbohydrates exuded during seed germination and that cultivars susceptibility to 
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infection (Keeling 1974). Similarly, Avanzato and Rupe (2011) reported that seed 
exudation is related to the susceptibility of different soybean cultivars to infection by 
P. aphanidermatum. They found that the cultivar Archer, which is resistant to 
infection by the pathogen, had a lower concentration of carbohydrates, lipids, and 
proteins, but a higher isoflavone concentration compared to Hutcheson, a 
susceptible cultivar. 
Interactions among seedling disease pathogens 
While many Pythium studies focus on a single species, frequently there are 
multiple species isolated from the same plant (Dorrance et al. 2004). Several 
species can even be isolated from the same piece of root tissue (Broders et al. 
2007a). Due to this, it is commonly believed that Pythium infects soybean as a 
complex (Yang 1999; Rizvi and Yang 1996). Broders et al. (2007b) demonstrated 
that Fusarium species infect soybean seedlings as a complex. As previously 
mentioned, Pythium spp. are not good competitors in the soil and thus infection of a 
host by Pythium spp. is typically followed by more aggressive fungi (Hendrix and 
Campbell 1973).  
In corn, Mao et al. (1998) hypothesized that infection early in the season by 
P. irregulare created infection courts for other pathogens to take advantage of later 
in the season. Rizvi and Yang (1996) regularly isolated both Pythium and Fusarium 
from the same diseased soybean seedlings. Pythium infection of pea enabled 
infection by Fusarium oxysporum, which is not an aggressive pathogen (Kerr 1963). 
It has also been suggested that Fusarium species could be secondary colonizers, as 
indicated by their low level of pathogenicity (Rizvi and Yang 1996). Murillos-Williams 
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and Pedersen (2008) suggested that Pythium spp. act synergistically with other 
seedling disease pathogens, such as Fusarium spp. 
Few studies have investigated the interaction between Fusarium and Pythium 
spp. On pea, inoculation with both F. oxysporum f. sp. pisi and P. ultimum caused an 
increase in disease severity, when compared to infection by either pathogen alone 
(Kerr 1963). Similarly, Escobar et al. (1967) reported an increased disease severity 
on pea during infection with Pythium spp. and F. solani f. sp. pisi. Pod rot incidence 
on peanuts was greatest when P. myriotylum and either Meloidogyne arenaria or F. 
solani was present when compared to when the pathogens were present alone 
(Garcia and Mitchell 1975). Different relationships were observed between different 
pathogens when snap beans were inoculated with various combination of P. 
ultimum, F. solani f. sp. phaseoli, and Rhizoctonia solani (Pieczarka and Abawi 
1978). A synergistic interaction (increased disease severity) occurred between 
Pythium and Fusarium, no interaction occurred between Fusarium and Rhizoctonia, 
and an antagonistic interaction occurred between Pythium and Rhizoctonia. 
 
Research Justification 
Soybean production in the United States is limited by disease and seedling 
disease is a significant yield-limiting factor. Management of seedling disease 
pathogens is complicated by the number of pathogens causing disease and their 
ability to form multi-species complexes, as well as complexes with other soil-borne 
microorganisms. Genetic resistance in soybean to Pythium species has been briefly 
explored but since host resistance can reduce risk of disease considerably, more 
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research is needed to identify potential sources of resistance to this group of 
pathogens. Furthermore, since multiple species of Pythium are often recovered from 
symptomatic seedlings, determining if there is resistance active against multiple 
species is important. A more thorough understanding of how Pythium species 
interact with other soybean seedling pathogens is also needed to improve our 
knowledge of this economically important pathosystem. The results of this study will 
enhance our understanding of resistance in soybean to Pythium species and 
contribute to breeding efforts. Additionally, studies on the seedling disease complex 
will lead to improved management strategies. The objectives of this research were 
to:   
1. Identify SoyNAM parents with resistance to seed and root rot caused by multiple 
Pythium spp.  
2. Map quantitative trait loci contributing to resistance to seed rot caused by multiple 
Pythium species in a SoyNAM population.   
3. Investigate the effect of co-inoculation with Pythium and Fusarium species on 
seedling disease development in soybean. 
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Abstract 
Pythium is an oomycete that causes damping-off and root rot in soybeans and many 
other crop species. One of the most effective management tools to reduce disease 
is resistance, however relatively little is known regarding resistance in soybean to 
Pythium species. The Nested Associated Mapping (SoyNAM) soybean parents were 
screened for resistance to Pythium lutarium, P. oopapillum, P. sylvaticum, and P. 
torulosum in separate assays to evaluate seed and root rot severity. Of the 40 
SoyNAM parents, Magellan, Maverick, CLOJ095-4-6, and CLOJ173-6-8 showed 
resistance to P. lutarium, P. sylvaticum, and P. torulosum.  Other parents were 
resistant to two, one, or none of the species tested. Comparisons of seed and root 
rot severity showed weak or insignificant correlations. Results indicate that 
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resistance to Pythium species is quantitative and resistance mechanisms to seed 
and root rot are not necessarily the same. 
 
Introduction 
Seedling diseases are one of the largest contributors to yield loss in soybean 
[Glycine max (L.) Merr.] production in the United States (US) (Wrather and Koenning 
2006; Wrather and Koenning 2009). From 1996 to 2007 seedling diseases were 
ranked 2nd to 6th in contributing to lower soybean yield (Wrather and Koenning 
2009). Pythium species, along with other pathogens, such as Rhizoctonia solani 
Kühn, Phytophthora sojae M.J. Kaufmann & J.W. Gerdemann, and Fusarium spp., 
cause seedling disease on soybean.  The symptoms of seedling disease generally 
include pre- and post-emergence damping-off and root rot (Yang 1999).  Seedlings 
that survive initial infection may still suffer from reduced growth and vigor leading to 
reduced yield (Broders et al. 2007). Of the pathogens causing seedling disease on 
soybean in Iowa, Pythium spp. have been among the most frequently recovered 
(Yang and Feng 2001; Murillos-Williams and Pedersen 2008). As many as 43 
species of Pythium are known to be pathogenic on soybeans in the North Central 
Region of the US (Rojas et al. 2016a). In Iowa, P. lutarium, P. oopapillum, P. 
sylvaticum, and P. torulosum were among the eight most abundant pathogenic 
Pythium spp. recovered from soybeans with seedling disease symptoms (Rojas et 
al. 2016b).   
 Management of Pythium species can be complicated, since they have a wide 
host range and infect crops typically used in rotation in the Midwest, including corn 
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(Zhang and Yang 2000; Matthiesen et al. 2016). An integrated approach that 
includes modifying crop production practices and utilizing seed treatments is often 
necessary. Soybeans are usually planted early in the Midwest to ensure full yield 
potential (De Bruin and Pedersen 2008), but this practice may leave seeds exposed 
to cool, wet soils that negatively affect seedling development and provide a 
conducive environment for Pythium spp. infection (Thomson et al. 1971; Zhang and 
Yang 2000; Broders et al. 2007). Soybean seeds and seedlings may be more 
susceptible to infection by Pythium spp. under cool, wet conditions (Thomson et al. 
1971; Zhang and Yang 2000; Broders et al. 2007).  Residue of the previous crop, left 
on the soil surface by reduced-tillage practices that are common practice in the 
Midwest, can also be a source of initial inoculum for the next growing season 
(Broders et al. 2007).  Additionally, crop residue keeps the soil wet and prevents 
drying, although the high soil moisture can be alleviated by tiling or more 
conventional tillage practices (Van Doren and Triplett 1973; Griffith et al. 1977).   
 Seed treatment fungicides, including metalaxyl and mefenoxam, are effective 
against oomycetes, including Pythium spp. (Yang 1999). However, Dorrance et al. 
(2004) showed continuous use of metalaxyl and mefenoxam as the sole active 
ingredients against Pythium spp. selected for insensitive isolates of P. catenulatum, 
P. irregulare, P. paroecandrum, P. splendens, and P. torulosum.  Most soybean 
seed treatments include additional fungicide products, including the quinone oxidase 
inhibitor (QOI) fungicides azoxystrobin, trifloxystrobin, and pyraclostrobin, that 
improve the efficacy of the treatment and provide coverage against fungal 
pathogens (Ellis et al. 2013).  These additional products, however, are not always 
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effective at inhibiting the growth of Pythium species (Broders et al. 2007; Matthiesen 
et al. 2016). Additionally, Dorrance et al. (2009) suggested that the efficacy period of 
the seed treatment is shorter in soybean compared to corn due to epigeal 
germination, in which the seed coat that is coated with seed treatment, is removed 
from the soil as the seedling emerges. 
 Resistance to Pythium spp. is a useful management tool and it has been 
observed in many host species. Adegbola and Hagedorn (1970) evaluated common 
bean (Phaseolus vulgaris L.) varieties for resistance to P. debaryanum, P. 
aphanidermatum, and P. ultimum with the aim of incorporating resistance into 
commercial cultivars.  More recently, Mahuku et al. (2005) identified a single 
dominant resistance gene from common bean variety RWR719. In pea, Ohh et al. 
(1978) found that some Minnesota breeding lines were more resistant to infection by 
P. ultimum than commercially available cultivars. Variations in resistance to P. 
inflatum, which causes stalk rot in corn, have also been reported and a dominant 
resistance gene Rpi1 was identified (Yang et al. 2005). Johnson and Palmer (1985) 
found offspring of resistant cotton variety Auburn M were resistant to infection by P. 
ultimum. Resistance to P. ultimum was identified in and used for over 15 years in 
periwinkle, variety Nirmal (Kulkani and Baskaran 2003).  
In soybean, there are also accounts of resistance to various Pythium species 
(Kirkpatrick et al. 2006; Bates et al. 2008; Rosso et al. 2008; Ellis et al. 2013).  One 
particular cultivar, Archer, was resistant to multiple species including, P. ultimum, P. 
aphanidermatum, P. irregulare, and P. vexans, when compared to the cultivar 
Hutcheson (Bates et al. 2008).  A single dominant gene, denoted Rpa1, which 
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provided resistance against P. aphanidermatum was identified in Archer in a 
population of Archer x Hutcheson (Rosso et al. 2008). Dorrance and Schmitthenner 
(2013) evaluated 65 cultivars and plant introductions for resistance to P. irregulare 
and reported that PI 424354 was resistant (Dorrance and Schmitthenner 2013).  
Management of Pythium spp. via host resistance could be an effective strategy to 
reduce losses due to seedling disease. 
 Numerous assays have been used to identify resistance in various legumes 
to Pythium. Ohh et al. (1978) used three methods to evaluate pea for resistance to 
P. ultimum, including a lab plate assay to evaluate for pre-emergence damping-off, a 
greenhouse grow-out assay using multiple inoculation methods to determine root rot, 
and a field trial. Bates et al. (2008) evaluated root discoloration and emergence of 
soybeans grown in cups filled with soil mix inoculated with P. aphanidermatum, 
Pythium Group HS, P. irregulare, P. oligandrum, P. ultimum, and P. vexans in 
greenhouse assays. Similarly, Ellis et al. (2013) used a greenhouse cup assay to 
evaluate for root rot, while Rosso et al. (2008) used a hypocotyl technique that is 
typically used to identify resistance to Phytophthora sojae, to evaluate the number of 
plants that survived infection by P. aphanidermatum.  It is possible that different 
assays measure resistance that may occur at different stages of seed germination 
and seedling growth, concurrent with the different symptoms associated with 
seedling disease. Pythium infection during seed germination may result in seed rot 
and pre-emergence damping-off, while infection during seedling growth results in 
post-emergence damping-off and/or root rot (Pieczarka and Abawi 1978). Rojas et 
al. (2016a) reported that some species of Pythium caused more severe seed rot 
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than root rot, while others caused more severe root rot and no seed rot. 
Consequently, different assays also may be required to evaluate for resistance 
based on the pathogenicity of the species at various stages of germination. 
Multiple species of Pythium are frequently isolated from the same 
symptomatic seedling (Rizvi and Yang 1996; Dorrance et al. 2004; Broders et al. 
2007) indicating that multiple Pythium spp. likely infect soybean as a complex (Rizvi 
and Yang 1996).  Moreover, many species often exist within a single field (Dorrance 
et al. 2004).  Consequently, identifying resistance to multiple Pythium species in 
soybean may ensure resistance is a more useful tool to manage soybean seedling 
disease. 
 The soybean nested association mapping (SoyNAM) parents are a group of 
40 soybean lines chosen for their wide genetic diversity and high yield (Diers et al. 
2011). Each parent was crossed to a hub parent, IA3023 to develop 40 populations 
of 140 recombinant inbred lines (RILs) each. Quantitative trait loci (QTL) contributing 
to important agronomic traits have been identified and mapped in each RIL 
population.  The SoyNAM parents and their subsequent populations are available for 
researchers to evaluate for other traits of interest in soybean (Diers et al. 2011). 
Additionally, the genetic data associated with each of these populations, namely the 
SNP haplotypes are also available for use at http://soybase.org/SoyNAM. We chose 
to use this resource to identify resistance to seedling disease caused by various 
Pythium spp. 
 The objectives of this research were to use the SoyNAM parents 1) to identify 
resistance to P. lutarium, P. oopapillum, P. sylvaticum, and P. torulosum and 2) 
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compare resistance assays that evaluate seed rot during seed germination and root 
rot during seedling growth. 
 
Materials and methods 
Seed source.  
Seed of the 40 SoyNAM parents (Diers et al. 2011) were obtained from Jim 
Specht at the University of Nebraska.  
Pythium isolates.  
Pythium isolates were obtained from the Robertson lab collection and 
included P. sylvaticum IASO 2-8.18, P. lutarium IASO 6-2.2r, P. oopapillum IASO 2-
11.8, and P. torulosum IASO 3-6 (Matthiesen et al. 2016). Isolates were retrieved 
from long term storage and transferred to diluted V8 juice media with antibiotics 
(DV8++) (40mL V-8 juice, 0.6g CaCO3, 0.2g Bacto yeast extract, 1g sucrose, 0.01g 
cholesterol, 20g Bacto agar, 1L distilled water, 0.05g/L neomycin sulfate, and 
0.01g/L chloramphenicol) modified from Stewart (2011). Isolates were stored in the 
dark at room temperature for up to 5 days before being used in the screening assays 
described below.  
Seed rot assay.  
A modified pathogenicity test by Zhang and Yang (1999) and Broders et al. 
(2007) was used to evaluate seed rot severity caused by each Pythium isolate on 
each of the NAM parent lines. Each Pythium isolate was transferred to DV8++ on 
9cm petri plates.  The plates were incubated in the dark at 21°C for 3 days for P. 
sylvaticum and P. lutarium, and at 15°C for 4 days for P. oopapillum and P. 
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torulosum, until mycelium colonized the entire plate. These temperatures were 
optimal for growth of each species as reported by Matthiesen et al. (2016).  Seeds of 
each line were surface sterilized in a 1% sodium hypochlorite solution for 3 minutes, 
rinsed in sterile water for 3 minutes, and patted dry on sterilized paper towels. For 
each line, 5 seeds were placed on each of 4 Pythium-colonized plates (N = 20 
seeds). To determine germination and as a seed quality control, 10 seeds per line 
were placed on one non-inoculated DV8++ plate.  The seeded plates were 
incubated in the dark for 7 days at 21°C for P. sylvaticum and P. lutarium, and at 
15°C for P. oopapillum and P. torulosum. Each plate was considered to be one 
replication, with 4 replications constituting one run of the experiment. Two 
experimental runs were completed for each Pythium species, arranged in a 
completely randomized design. 
 To evaluate seed rot, a modified rating scale from Zhang and Yang (1999) 
was used. The seed rot severity scale was rated from 0 to 4 where 0 indicated that 
the seed germinated and there was no radicle discoloration (germination was 
considered when the radicle was as long as the seed itself); 1 indicated that the 
seed germinated and less than 50% of the radicle was discolored; 2 indicated that 
the seed germinated but more than 50% of the radicle was discolored; 3 indicated 
that the seed had germinated but then rotted; and a 4 indicated that the seed rotted 
without germinating. Data were also collected on percentage of rotted seeds and 
germination.  Germination per plate was converted to an adjusted germination using 
the formula:   
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Adjusted germination = (Number of germinated seeds on Pythium-colonized 
plate/Number of germinated seeds on non-inoculated control plate) *100.  
Root rot assay.   
Inoculum for the root rot severity assay was produced using a modified 
protocol from Matthiesen et al. (2016).  Millet was soaked overnight in water and 
then placed into vented autoclavable bags (720 mL per bag). The bags were 
autoclaved twice, with a 24-hour wait period between each autoclave cycle.  Millet 
was inoculated with a 3-day old culture of Pythium grown on DV8++ media. After 
three days, the bags were mixed thoroughly every day by gently turning the bags 
over several times.  The Pythium isolate was allowed to colonize the millet for 10 to 
14 days and was used immediately. 
 For assay preparation, 5 mL of P. sylvaticum- or P. lutarium-, or 10mL of P. 
torulosum- or P. oopapillum-infested millet was placed in a layer approximately 2 cm 
below the seed surface in a 237 mL (8oz.) polystyrene cup. The optimum quantity of 
inoculum to use in the layer was determined in preliminary experiments (data not 
shown). 72 mL of sterile sand-soil mix (2:1) was first placed in the cup, an inoculum 
layer was placed immediately on top and covered with 30mL of sterile sand-soil mix. 
The seeds were placed on top of the sand-soil mix, thus the seed was separated 
from the inoculum, and finally a layer of 30 mL of vermiculite was placed on top of 
the seeds. Five seeds were placed in each of 2 treatment cups (N = 10 seeds). Two 
cups were also planted without inoculum as a control. The cups were incubated for 2 
weeks at 21°C for P. lutarium and P. sylvaticum. For cups inoculated with P. 
oopapillum and P. torulosum, incubation was done at 18°C for 3 weeks. Each 
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treatment cup was considered to be one replication and two replications were done 
in each run of an experiment.  Two experimental runs were completed with each of 
the four Pythium species, in a completely randomized design. 
 Root rot severity was assessed using the following 0 to 3 rating scale 
(Wickramasinghe et al. 2013) where 0 indicated that the roots were long and full with 
no signs of discoloration or infection by the pathogen; 1 indicated that the roots were 
slightly stunted and mildly discolored; 2 indicated that the roots were severely 
stunted and may be severely discolored; and 3 indicated that the roots were very 
short and rotted. Emergence and dry root weight were also recorded. Emergence 
data for each cup were adjusted as described above. Dry root weight per cup was 
also adjusted to the non-treated control, as follows:   
Adjusted dry root weight = (Average dry root weight per root of inoculated seedlings/ 
average dry root weight per root of non-inoculated seedlings)*100. 
Data analyses.  
Analysis of variance (ANOVA) was used to determine significant differences 
between runs in the checks of each experiment. No significant differences (p>0.05) 
in run were found and therefore data were combined for subsequent analyses. 
ANOVA was used to determine significant differences between the lines, with 
regards to seed and root rot severity. ANOVA was also used to evaluate differences 
between lines based on adjusted germination and percent rotted seeds of the seed 
rot assay and adjusted germination and adjusted dry root weight of root rot assay 
when P<0.05.  Where significant differences between parents were detected, 
Fisher’s least significant difference (P<0.05) was used to compare parents. 
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Correlation analysis was done to determine if there was a relationship between seed 
rot and root rot severity within a species, and a relationship between seed rot 
severity and root rot severity among Pythium species. Analysis was performed using 
JMP Pro 11 (SAS Institute Inc).  
 For the purposes of this research, a parent was considered to be resistant to 
seed rot or root rot caused by a particular Pythium species when the parent had a 
significantly lower severity score compared to Sloan, the susceptible check (p≤0.05) 
in either assay. To be considered resistant to a particular Pythium species, the line 
had to differ from Sloan in both disease assays (p≤0.05) since both assays 
measured different parameters that contribute to resistance. 
 
Results 
Resistance to seed rot.   
Seed rot severity among all of the NAM parents varied for P. lutarium (Table 
1), P. oopapillum (Table 2), P. sylvaticum (Table 3), and P. torulosum (Table 4). 
Similarly, the average percentage of rotted seeds and average adjusted germination 
varied among species.  Two of the NAM parents, Maverick and LG94-1128, were 
resistant to all four of the Pythium spp. tested in the seed rot assay. Of the remaining 
lines, 14 were resistant to 3 species tested, 18 to 2 species tested, and 6 to one of 
the species tested. Two of the parents, S06-13640 and PI 574.486, had similar or 
significantly more severe seed rot than Sloan, the susceptible control, for all species 
tested. 
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Resistance to root rot.   
Root rot severity, adjusted dry root weight, and adjusted germination varied 
among all of the NAM parents for each of the species tested; P. lutarium (Table 1), 
P. oopapillum (Table 2), P. sylvaticum (Table 3), and 1. P. torulosum (Table 4). Only 
one parent, S06-13640 was resistant to all four Pythium spp. evaluated in the root 
rot assay. Nine of the parents were resistant to root rot caused by three Pythium 
spp. Of the remaining parents, 13 were resistant to root rot caused by two species 
and 13 were resistant to root rot caused by one species. Five of the lines were 
susceptible to root rot caused by all four species, including LG03-2979, LG92-1255, 
LG94-1128, PI 561.370, and PI 574.486. 
Seed and root rot resistance to Pythium spp.   
Overall, four of the parents, Maverick, Magellan, CLOJ095-4-6, and 
CLOJ173-6-8 had significantly lower seed and root rot severity compared to the 
susceptible check, Sloan, and thus these parents were considered resistant seedling 
disease caused by Pythium lutarium, P. sylvaticum, and P. torulosum. Seven other 
SoyNAM parents were resistant two of the species tested, while 18 parents were 
resistant to seedling disease caused by only P. sylvaticum, 14 were resistant to only 
P. lutarium, and 13 were resistant to only P. torulosum. Only one parent, LG90-2550 
was resistant to seedling disease caused by P. oopapillum, in comparison to Sloan.  
Correlation of seed and root rot severity.  
Seed rot severity was compared between the four Pythium species (Table 5). 
A weak but significant linear relationship was detected between seed rot caused by 
38 
 
P. sylvaticum and P. oopapillum, and P. sylvaticum and P. torulosum (P = 0.0446 
and 0.0167, respectively). Only 9.5% of the variation seen in seed rot severity 
caused by P. oopapillum was explained by the seed rot severity caused by P. 
sylvaticum. The relationship between P. torulosum and P. sylvaticum also had a low 
coefficient of determination of 13.2%. No relationship between P. torulosum and P. 
oopapillum seed rot severities was detected. Moreover, no relationship was detected 
between seed rot severity caused by P. lutarium and seed rot caused by the other 
three Pythium species tested (p>0.05). When root rot severity was compared among 
the four Pythium species, no significant relationship was detected (p>0.05). 
Moreover, when seed and root rot severities were compared within Pythium species, 
a relationship between the two variables was detected only for P. sylvaticum 
(P=0.0084). Seed rot severity caused by P. sylvaticum explained 15.8% of the 
variation seen in root rot.  
 
Discussion 
In this research, the SoyNAM parents were screened for resistance to four of 
the most prevalent Pythium species that occur in Iowa (Matthiesen et al. 2016) and 
across the Midwest (Rojas et al. 2016b).  A continuous range of phenotypic variation 
was observed both in seed and root rot severity caused by each Pythium species on 
this collection of germplasm, and thus indicated that the SoyNAM parents differed in 
their susceptibility to seed rot and root rot caused by each species.  These data are 
consistent with resistance to other necrotrophic pathogens, such as Fusarium 
species and Rhizoctonia solani, which are also known to cause seed and seedling 
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disease in soybean. Consequently, the SoyNAM parents proved to be a useful 
resource for identifying resistance to seedling disease caused by Pythium species. 
These data will be used identify RIL populations descended from these parents that 
will be further screened for resistance and identification of quantitative trait loci 
(QTL) contributing to resistance.  
Four of the parents screened were resistant to both seed and root rot caused 
by Pythium lutarium, P. sylvaticum, and P. torulosum. Moreover, two of the lines, 
CLOJ095-4-6 and CLOJ173-6-8 share a common parent, Dwight (soybase.org), 
thus it is possible that resistance to Pythium species may have been inherited from 
this soybean cultivar. Identifying germplasm with disease resistance to multiple 
species of Pythium would be extremely useful for soybean breeders considering that 
multiple species of Pythium have been recovered from soybean seedlings with 
seedling disease symptoms (Rojas et al. 2017a). Furthermore, P. lutarium, P. 
oopapillum, P. sylvaticum, and P. torulosum, were among the top 10 most prevalent 
species recovered from diseased soybean seedlings in the Midwest in 2011 and 
2012 (Rojas et al. 2017a). 
The susceptible check in our assays, Sloan, appeared to have some level of 
resistance to this isolate of P. oopapillum. Only one line, LG90-2550, was resistant 
to P. oopapillum in both seed and root rot when compared to Sloan. Five of the 
parents, PI 574.486, IA 3023, LG05-4317, TN05-4317, and Prohio had more severe 
disease compared to the susceptible check. In future research, it may be of benefit 
to use one of these parents as a susceptible check for evaluations of P. oopapillum. 
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Our data suggest that resistance to Pythium species in soybean seed and 
seedlings is generally quantitative. Similarly, Ellis et al. (2013) also reported 
quantitative resistance to root rot of soybean caused by P. irregulare.  On the other 
hand, a single gene in soybean, Rpa1, which conferred resistance to P. 
aphanidermatum has been reported (Bates et al. 2008).  It is possible that the 
phenotyping method used in screening for resistance to Pythium species could play 
a role in the type of resistance identified. Bates et al. (2008) used a hypocotyl 
inoculation technique and evaluated the percentage of dead plants. Thus their 
method was more qualitative than the assays used by us and Ellis et al (2013) in 
which our data were quantitative. In preliminary experiments, we screened the 
SoyNAM parents by inoculating the hypocotyl with a mycelial slurry of a Pythium 
spp. but found the data to be too variable between runs.  
Our data revealed that the assay used to screen for resistance can affect the 
results. Resistance is likely dependent on the timing of infection during the 
development of the seedling. In the seed rot severity assay, seeds were directly 
infected by the pathogen, whereas in the root rot severity assay, infection of the 
germinated seedling is delayed due to the soil layer acting as a barrier between the 
inoculum and the seed. Consequently, the seed germinated before infection took 
place. Additionally, these assays correspond to the two phases of infection that are 
observed in seedling diseases: pre-emergence damping-off and post-emergence 
damping-off and root rot. Hence the seed rot severity assay measures seed rot, 
germination, and rotted seeds, which are variables that can be associated with pre-
emergence damping-off. The root rot severity assay measures variables associated 
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with post-emergence damping-off and root rot, including root rot severity, adjusted 
emergence, and adjusted dry root weight.  
We observed that some of the SoyNAM parents were more susceptible to 
seed rot than to root rot. This observed difference in the level of resistance based on 
assay could be due to changes in exudation during development from the seed to 
the seedling. Graham (1991) showed that the concentration of isoflavonoids and 
flavonoids are affected by the age of the developing seedling. Alternatively, the level 
of resistance may be due to the composition of seed exudates produced by a 
soybean line. Avanzato and Rupe (2011) demonstrated the susceptibility of soybean 
cultivars to infection by P. aphanidermatum was affected by the composition of seed 
exudates. The exudates of the resistant cultivar, Archer, had a lower concentration 
of carbohydrates, lipids, and proteins, but a higher isoflavone concentration 
compared to Hutcheson, which is more susceptible to P. aphanidermatum (Avanzato 
and Rupe 2011).  
Weak and insignificant correlations were detected between seed and root rot 
severity, suggesting that different loci contribute to resistance to seed and root rot. In 
addition, correlations between seedling disease caused by different species were 
also weak. Seed rot severity caused by P. sylvaticum had a weak correlation with 
root rot caused by P. sylvaticum and seed rot caused by P. oopapillum and P. 
torulosum. These data suggest different loci contribute to resistance to different 
Pythium species. 
We used laboratory and growth chamber assays to screen soybean 
germplasm for resistance to four Pythium species. We presume that the lines 
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showing resistance in these assays would also be resistant in the field. Resistance 
of pea to P. ultimum identified in laboratory and greenhouse assays was also 
identified in field tests (Ohh et al. 1978). However, Zhang et al. (2013) noted that 
resistance of soybean to Fusarium species in greenhouse assays was significantly 
different from that found in the field. Consequently, lines that we identified with 
resistance to Pythium species should be verified in field tests before they are used in 
a breeding program. 
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Table 1: Resistance evaluations of the 40 SoyNAM Parents to Pythium lutarium in the seed rot and root rot 
assays. Evaluations for the seed rot assay include seed rot severity, percent of rotted seeds, and adjusted 
germination. Evaluations for the root rot assay included root rot severity, adjusted dry root weight, and adjusted 
emergence. 
 Seed Rot Assay Root Rot Assay 
NAM Parent 
Seed Rot 
Severity 
(0-4) 
Rotted 
Seeds 
(%) 
Adjusted 
Germination 
(%) 
Root Rot 
Severity 
(0-3) 
Adjusted Dry 
Root Weight 
(%) 
Adjusted 
Emergence 
(%) 
4J105-3-4 1.3 2.5% 95.0% 1.7 56.2% 95.0% 
5M20-2-5-2 1.1 10.0% 109.3% 2.2 98.0% 85.0% 
CL0J095-4-6 1.5 12.5% 5.3% 1.7 74.7% 85.0% 
CL0J173-6-8 1.3 2.5% 103.0% 1.5 81.9% 100.0% 
HS6-3976 1.5 0.0% 111.0% 1.8 58.9% 105.5% 
IA3023 1.5 0.0% 105.5% 2.3 76.1% 95.5% 
LD00-3309 1.8 2.5% 115.3% 1.7 66.5% 75.0% 
LD01-5907 1.2 5.0% 112.1% 2.0 61.1% 107.5% 
LD02-4485 1.2 10.0% 92.5% 1.9 64.8% 100.0% 
LD02-9050 1.5 0.0% 100.0% 1.5 72.8% 90.0% 
LG00-3372 1.4 0.0% 112.5% 1.5 81.4% 100.0% 
LG03-2979 1.7 0.0% 111.0% 2.2 97.2% 100.0% 
LG03-3191 1.4 0.0% 127.0% 1.6 70.6% 72.1% 
LG04-4717 1.3 2.5% 110.0% 1.8 103.2% 95.0% 
LG04-6000 1.3 5.0% 100.5% 1.9 85.7% 100.0% 
LG05-4292 1.7 0.0% 105.5% 1.5 76.7% 70.0% 
LG05-4317 1.7 20.0% 94.5% 2.3 61.2% 85.0% 
LG05-4464 0.9 2.5% 97.5% 2.3 66.7% 105.5% 
LG05-4832 1.3 2.5% 97.5% 1.6 81.3% 100.0% 
LG90-2550 1.2 0.0% 97.5% 2.0 75.4% 107.5% 
LG92-1255 1.2 5.0% 105.5% 2.1 77.4% 100.5% 
LG94-1128 1.1 5.0% 105.5% 2.0 82.5% 105.5% 
LG94-1906 0.9 5.0% 95.0% 1.9 53.0% 90.5% 
LG97-7012 2.6 52.5% 53.8% 1.6 87.1% 106.2% 
LG98-1605 1.6 2.5% 119.0% 1.9 62.7% 75.0% 
Magellan 1.2 2.5% 97.5% 1.6 92.9% 95.0% 
Maverick 1.2 0.0% 111.0% 1.7 59.7% 100.5% 
NE3001 1.4 2.5% 97.3% 1.9 72.8% 105.5% 
PI 398.881 1.5 7.5% 96.9% 2.3 66.8% 85.0% 
PI 404.188A 1.5 12.5% 105.9% 2.6 65.9% 58.9% 
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Table 1 continued 
PI 427.136 1.0 10.0% 100.3% 1.5 77.0% 78.3% 
PI 437.169B 1.3 5.0% 101.9% 1.6 71.9% 95.0% 
PI 507.681B 0.8 10.0% 100.0% 2.1 72.7% 95.5% 
PI 518.751 0.7 5.6% 95.0% 2.1 84.8% 90.0% 
PI 561.370 1.3 15.0% 92.5% 2.0 63.7% 83.9% 
PI 574.486 1.6 15.0% 106.3% 2.5 94.7% 88.9% 
Prohio 1.4 5.0% 97.5% 1.9 61.4% 93.0% 
S06-13640 1.6 15.0% 85.0% 1.6 72.8% 95.5% 
Skylla 1.5 7.5% 114.9% 2.1 64.1% 106.3% 
TN05-3027 2.0 17.5% 9.3% 1.9 61.6% 88.9% 
U03-100612 1.2 2.5% 142.5% 1.9 58.2% 95.0% 
Archer 1.6 2.5% 115.3% 1.9 81.9% 106.2% 
Sloan 1.9 12.5% 97.5% 2.3 43.2% 44.5% 
p-value <0.0001 <0.0001 <0.0001 <0.0001 0.0612 0.0023 
LSD value 0.34 11.35 16.52 0.38 Not significant 27.17 
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Table 2: Resistance evaluations of the 40 SoyNAM Parents to Pythium oopapillum in the seed rot and root rot 
assays. Evaluations for the seed rot assay include seed rot severity, percent of rotted seeds, and adjusted 
germination. Evaluations for the root rot assay included root rot severity, adjusted dry root weight, and adjusted 
emergence. 
 Seed Rot Assay Root Rot Assay 
NAM Parent 
Seed Rot 
Severity 
(0-4) 
Rotted 
Seeds (%) 
Adjusted 
Germination 
(%) 
Root Rot 
Severity 
(0-3) 
Adjusted 
Dry Root 
Weight (%) 
Adjusted 
Emergence 
(%) 
4J105-3-4 2.4 27.5% 86.9% 2.1 43.8% 73.3% 
5M20-2-5-2 2.1 20.0% 85.1% 2.3 45.2% 37.8% 
CL0J095-4-6 2.0 22.5% 87.5% 2.3 51.8% 80.0% 
CL0J173-6-8 2.1 17.8% 82.5% 2.4 47.3% 65.0% 
HS6-3976 1.8 15.0% 110.4% 2.4 54.7% 52.8% 
IA3023 2.9 37.1% 76.7% 2.7 43.9% 62.5% 
LD00-3309 2.5 35.0% 72.5% 1.5 64.2% 68.8% 
LD01-5907 2.3 30.0% 73.6% 2.1 69.8% 62.5% 
LD02-4485 1.8 25.0% 97.4% 1.6 49.2% 103.8% 
LD02-9050 2.3 11.4% 88.6% 1.9 39.2% 69.2% 
LG00-3372 1.9 20.0% 80.0% 2.1 43.5% 70.0% 
LG03-2979 1.4 15.0% 90.6% 2.1 43.9% 78.9% 
LG03-3191 2.2 25.0% 80.0% 1.5 50.1% 88.9% 
LG04-4717 1.5 15.0% 90.0% 2.0 39.8% 89.5% 
LG04-6000 1.8 17.5% 89.7% 2.2 46.6% 66.3% 
LG05-4292 2.1 22.5% 75.0% 1.8 46.2% 100.0% 
LG05-4317 2.6 40.0% 75.6% 2.5 61.1% 77.8% 
LG05-4464 2.4 22.9% 71.4% 1.9 31.4% 70.0% 
LG05-4832 2.0 25.0% 82.5% 1.8 51.1% 90.0% 
LG90-2550 1.4 7.5% 91.9% 1.4 54.6% 80.0% 
LG92-1255 1.5 15.0% 82.5% 2.2 43.0% 76.4% 
LG94-1128 1.4 7.5% 92.5% 1.9 55.3% 69.5% 
LG94-1906 1.5 12.5% 92.5% 2.4 41.3% 33.3% 
LG97-7012 1.8 20.0% 82.5% 2.1 105.3% 42.1% 
LG98-1605 1.5 5.0% 95.0% 1.8 73.6% 18.1% 
Magellan 1.8 17.5% 90.0% 2.0 45.0% 51.3% 
Maverick 1.3 12.5% 87.5% 2.0 56.4% 85.0% 
NE3001 1.9 25.0% 82.5% 1.7 56.3% 88.2% 
PI 398.881 2.1 30.0% 65.0% 1.0 49.4% 94.5% 
PI 404.188A 2.2 35.0% 70.0% 2.3 46.6% 80.4% 
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Table 2 continued 
PI 427.136 1.8 20.0% 85.0% 1.6 47.5% 59.0% 
PI 437.169B 2.4 35.0% 70.3% 1.2 61.4% 54.8% 
PI 507.681B 2.2 25.0% 82.5% 2.2 42.1% 51.3% 
PI 518.751 2.1 25.0% 85.0% 1.9 50.9% 90.0% 
PI 561.370 2.5 40.0% 70.0% 1.8 42.7% 61.1% 
PI 574.486 2.7 52.5% 68.1% 2.5 58.6% 62.8% 
Prohio 2.7 38.0% 60.0% 2.6 45.9% 85.6% 
S06-13640 2.4 25.0% 69.3% 1.2 81.3% 41.1% 
Skylla 2.6 40.0% 76.9% 2.2 51.7% 175.0% 
TN05-3027 2.7 40.0% 65.0% 2.8 39.5% 107.5% 
U03-100612 1.5 15.0% 88.9% 1.8 46.1% 61.3% 
Archer 1.3 10.0% 87.5% 2.0 53.7% 131.0% 
Sloan 1.9 12.5% 92.5% 2.0 51.1% 112.5% 
p-value <0.0001 0.0006 0.0027 <0.0001 0.5649 0.0025 
LSD value 0.47 21.27 21.12 0.36 
Not 
significant 
54.40 
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Table 3: Resistance evaluations of the 40 SoyNAM Parents to Pythium sylvaticum in the seed rot and root rot 
assays. Evaluations for the seed rot assay include seed rot severity, percent of rotted seeds, and adjusted 
germination. Evaluations for the root rot assay included root rot severity, adjusted dry root weight, and adjusted 
emergence. 
 
 Seed Rot Assay Root Rot Assay 
NAM Parent 
Seed 
Rot 
Severity 
(0-4) 
Rotted 
Seeds (%) 
Adjusted 
Germination 
(%) 
Root 
Rot 
Severity 
(0-3) 
Adjusted 
Dry Root 
Weight 
(%) 
Adjusted 
Emergence 
(%) 
4J105-3-4 2.6 37.5% 77.5% 2.26 70.3% 94.5% 
5M20-2-5-2 3.2 70.0% 50.6% 2.63 71.3% 80.0% 
CL0J095-4-6 2.5 37.5% 72.6% 1.87 70.5% 100.5% 
CL0J173-6-8 2.3 35.0% 78.4% 1.85 74.8% 100.0% 
HS6-3976 2.9 55.0% 65.0% 2.19 64.4% 100.0% 
IA3023 3.3 75.0% 42.5% 2.56 62.1% 89.0% 
LD00-3309 2.8 50.0% 75.0% 2.38 80.5% 91.3% 
LD01-5907 3.1 62.5% 52.5% 2.37 60.9% 100.5% 
LD02-4485 3.2 75.0% 57.5% 2.13 60.3% 88.8% 
LD02-9050 2.6 47.5% 70.0% 1.61 82.7% 90.0% 
LG00-3372 2.6 40.0% 70.9% 2.25 50.1% 112.5% 
LG03-2979 2.6 37.5% 70.0% 2.44 70.3% 89.5% 
LG03-3191 2.7 47.5% 60.0% 2.26 53.8% 112.5% 
LG04-4717 2.7 50.0% 52.5% 1.61 66.8% 90.0% 
LG04-6000 3.3 72.5% 47.5% 2.47 54.2% 80.0% 
LG05-4292 3.1 67.5% 57.5% 2.17 67.4% 79.5% 
LG05-4317 3.7 87.5% 20.0% 2.10 60.0% 51.5% 
LG05-4464 2.5 37.5% 77.5% 1.18 69.4% 100.5% 
LG05-4832 2.6 35.0% 72.5% 1.94 69.9% 94.5% 
LG90-2550 2.4 40.0% 77.5% 2.21 58.5% 90.0% 
LG92-1255 3.3 75.0% 42.5% 2.47 48.1% 95.0% 
LG94-1128 2.6 35.0% 70.0% 2.34 66.6% 100.0% 
LG94-1906 3.0 57.5% 55.0% 2.34 58.0% 84.0% 
LG97-7012 3.3 75.0% 42.5% 2.11 58.1% 100.0% 
LG98-1605 2.7 45.0% 75.0% 2.18 64.7% 105.5% 
Magellan 3.0 57.5% 57.5% 2.12 74.2% 89.5% 
Maverick 2.8 45.0% 60.0% 1.95 87.2% 95.0% 
NE3001 2.5 35.0% 80.0% 2.16 66.2% 84.5% 
PI 398.881 3.0 65.0% 52.5% 2.03 69.2% 85.0% 
PI 404.188A 2.8 50.0% 73.3% 2.18 54.8% 61.3% 
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Table 3 continued 
PI 427.136 2.7 47.5% 65.0% 2.38 87.7% 70.0% 
PI 437.169B 3.6 90.0% 32.5% 2.20 57.1% 89.3% 
PI 507.681B 2.6 47.5% 67.5% 1.37 69.0% 100.5% 
PI 518.751 3.2 75.0% 52.5% 2.50 65.1% 94.5% 
PI 561.370 3.2 72.5% 47.5% 2.50 59.2% 70.0% 
PI 574.486 3.7 97.5% 28.5% 2.32 65.6% 105.5% 
Prohio 2.8 50.0% 65.0% 1.94 79.3% 90.0% 
S06-13640 3.5 80.0% 30.0% 2.06 71.7% 119.5% 
Skylla 3.1 67.5% 45.0% 2.09 73.0% 97.5% 
TN05-3027 2.5 27.5% 87.5% 2.31 60.2% 116.5% 
U03-100612 3.0 62.5% 58.3% 1.97 84.5% 94.5% 
Archer 2.4 44.0% 76.0% 2.12 63.1% 75.0% 
Sloan 3.6 90.0% 30.0% 2.50 55.5% 90.3% 
p-value <0.0001 <0.0001 <0.0001 <0.0001 0.1504 0.005 
LSD value 0.43 27.74 26.31 0.3001 
Not 
significant 
27.93 
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Table 4: Resistance evaluations of the 40 SoyNAM Parents to Pythium torulosum in the seed rot and root rot 
assays. Evaluations for the seed rot assay include seed rot severity, percent of rotted seeds, and adjusted 
germination. Evaluations for the root rot assay included root rot severity, adjusted dry root weight, and adjusted 
emergence. 
 Seed Rot Assay Root Rot Assay 
NAM Parent 
Seed Rot 
Severity 
(0-4) 
Rotted 
Seeds 
(%) 
Adjusted 
Germination 
(%) 
Root Rot 
Severity 
(0-3) 
Adjusted 
Dry Root 
Weight (%) 
Adjusted 
Emergence 
(%) 
4J105-3-4 1.1 2.5% 97.5% 1.5 71.6% 91.3% 
5M20-2-5-2 1.1 7.5% 92.5% 1.6 69.6% 63.9% 
CL0J095-4-6 1.0 10.0% 94.5% 1.3 82.1% 95.0% 
CL0J173-6-8 0.8 0.0% 100.0% 1.7 62.4% 95.0% 
HS6-3976 1.1 7.5% 87.5% 2.3 66.6% 92.9% 
IA3023 1.2 10.0% 92.5% 1.3 65.8% 95.0% 
LD00-3309 1.2 10.0% 87.0% 1.9 74.1% 94.5% 
LD01-5907 1.6 20.0% 82.5% 1.6 63.6% 75.0% 
LD02-4485 1.1 12.5% 87.5% 2.2 59.1% 90.0% 
LD02-9050 1.4 0.0% 118.1% 1.6 68.0% 88.2% 
LG00-3372 1.0 7.5% 95.0% 2.1 50.2% 85.6% 
LG03-2979 1.3 10.0% 96.9% 2.2 78.9% 80.0% 
LG03-3191 1.1 0.0% 97.5% 2.1 49.2% 75.0% 
LG04-4717 1.4 5.0% 97.5% 1.6 64.7% 88.9% 
LG04-6000 1.2 15.0% 82.5% 1.7 68.1% 65.0% 
LG05-4292 1.4 2.5% 92.5% 2.4 49.6% 82.5% 
LG05-4317 1.2 2.5% 97.5% 1.9 94.3% 97.2% 
LG05-4464 1.5 2.5% 105.6% 1.4 63.8% 90.0% 
LG05-4832 1.3 2.5% 97.5% 1.4 77.7% 72.2% 
LG90-2550 1.3 7.5% 94.7% 2.1 69.2% 85.0% 
LG92-1255 1.1 2.5% 100.0% 2.2 60.2% 95.0% 
LG94-1128 1.2 0.0% 100.0% 1.9 76.6% 72.5% 
LG94-1906 1.2 5.0% 92.5% 2.8 71.6% 29.2% 
LG97-7012 1.2 5.0% 95.0% 2.6 57.9% 41.7% 
LG98-1605 1.4 10.0% 90.0% 2.4 51.5% 60.0% 
Magellan 1.1 10.0% 90.0% 0.9 90.8% 66.7% 
Maverick 1.2 7.5% 92.5% 1.9 55.9% 80.2% 
NE3001 1.3 7.5% 85.0% 1.5 61.3% 63.2% 
PI 398.881 1.5 12.5% 92.5% 1.5 69.3% 72.2% 
PI 404.188A 1.2 12.5% 80.0% 1.8 99.2% 60.0% 
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Table 4 continued 
PI 427.136 1.2 12.5% 85.0% 1.3 73.5% 73.2% 
PI 437.169B 1.5 17.5% 92.2% 1.9 89.7% 44.5% 
PI 507.681B 1.8 17.5% 80.0% 1.7 64.1% 72.2% 
PI 518.751 1.3 7.5% 92.2% 1.3 61.6% 90.0% 
PI 561.370 2.0 22.5% 80.0% 2.0 59.7% 72.2% 
PI 574.486 2.2 25.0% 75.0% 2.0 71.8% 83.3% 
Prohio 1.2 2.5% 103.1% 1.0 80.3% 63.8% 
S06-13640 1.4 15.0% 71.3% 1.6 48.7% 32.5% 
Skylla 1.9 22.5% 92.1% 2.1 82.0% 42.4% 
TN05-3027 0.9 2.5% 95.0% 1.2 70.8% 56.3% 
U03-100612 1.1 7.5% 90.0% 2.0 63.7% 100.7% 
Archer 1.5 12.5% 100.0% 1.4 71.8% 95.6% 
Sloan 1.6 12.5% 95.0% 2.3 58.4% 36.8% 
p-value <0.0001 0.0006 <0.0001 <0.0001 0.8532 0.0336 
LSD value 0.29 12.82 15.62 0.36 
Not 
significant 
27.93 
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Table 5:  Correlation coefficient and p-value of pair-wise correlation analysis between seed rot (SRS) and root rot 
severity (RRS) caused by Pythium sylvaticum (PS), P. lutarium (PL), P. oopapillum (PO), and P. torulosum (PT).  
 
 PL SRS PL RRS PO SRS PO RRS PS SRS PS RRS PT SRS PT RRS 
PL SRS 1        
 
        
PL RRS -0.0658 1       
 
0.6751        
PO SRS 0.2136  1      
 
0.1689        
PO RRS  0.2578 0.2380 1     
 
 0.0952 0.1243      
PS SRS 0.1758  0.3079  1    
  0.2595  0.0446      
PS RRS  0.1519  0.0616 0.3972 1   
 
 0.3308  0.6946 0.0084    
PT SRS -0.0396  0.2364  0.3632  1  
 
0.8008  0.1270  0.0167    
PT RRS  0.0142  -0.0810  0.2191 0.1494 1 
 
 0.9281  0.6057  0.1580 0.3391  
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Abstract 
 Pythium species are oomycetes causing seedling disease in soybeans, 
including symptoms of seed rot and pre-emergence damping-off. Multiple species of 
Pythium are often recovered from symptomatic soybean seeds and seedlings 
together suggesting that multiple species infect as a disease complex, consequently 
management of multiple Pythium spp. is important. Seed rot assays were performed 
in SoyNAM population 29 (PI 427.136 x IA3023) to evaluate 140 RILS for seed rot 
caused by P. lutarium, P. oopapillum, and P. sylvaticum. Seed rot severity (SRS), 
percent rotted seeds (ROTS), and adjusted germination (GERM) were recorded. 
Correlation analysis showed a strong relationship between the disease assessment 
parameters for all three Pythium spp. Inclusive composite interval mapping (ICIM-
ADD) methods, using a log of the odds (LOD) threshold identified by 1000 
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permutations, found no QTL related to seed rot resistance. Several QTL were 
identified using ICIM-ADD when LOD was manually set at 3.00, however the 
phenotypic variance explained by these QTL was less than 2.3%. While the assay 
used was useful to determine resistance to seed rot caused by Pythium spp., the 
assay was unsuitable for identifying QTL associated with the phenotype. 
 
Introduction 
Seedling disease of soybean, associated with pre- and post-emergence 
damping-off and root rot, suppresses yield annually (Doupnik 1993; Wrather and 
Koenning 2006; Wrather and Koenning 2009). Between 2004 and 2007, seed and 
seedling diseases resulted in yield losses of over 34 million bushels in the United 
States (U.S.) (Wrather and Koenning 2009). Since losses have been reported in 
both the northern and southern soybean growing regions, seedling disease is 
considered a widespread issue (Wrather and Koenning 2006). Of the pathogens 
causing seedling disease, Pythium species are the most frequently recovered in 
Iowa (Rizvi and Yang 1996; Yang and Feng 2001; Murillos-Williams and Pedersen 
2008). Seed rot and pre-emergence damping-off are detrimental to plant 
establishment and stand that can result in lower yield. 
 There are over 250 species of Pythium, many of which are plant pathogens 
(Lévesque and De Cock 2004; Robideau et al. 2011). A single species is capable of 
causing disease alone, but typically several species may be isolated from the same 
plant (Rizvi and Yang 1996; Dorrance et al. 2004; Broders et al. 2007a) and even 
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from the same piece of root tissue (Broders et al. 2007a). These reports suggest that 
Pythium species infect host plants as a complex (Rizvi and Yang 1996; Yang 1999). 
 Germinating seeds exudate various components into the spermosphere that 
affect microbial growth. The composition of the exudates varies by plant species and 
presumably by genotype (Nelson 2004). Carbohydrates, amino acids, and fatty acids 
released by soybean stimulate growth of the Pythium species and infection of the 
germinating seed that consequently results in in seed rot and pre-emergence 
damping-off (Keeling 1974). Attraction to seed exudates could be an explanation for 
why some species of Pythium are more aggressive at rotting seeds than rotting 
seedling roots (Matthiesen et al. 2016). Seed exudate composition also changes 
over time, for example, isoflavonoid and flavonoid concentration is affected by the 
age of the developing seedling (Graham 1991). Variation in the composition of seed 
exudates due to genotype or developmental stage may affect the susceptibility of 
host varieties to soil-borne pathogens. 
 Soybean production practices in Iowa and the north central region increase 
the risk of pre-emergence damping-off.  Soybean is often rotated with corn, which is 
a host to many of the same Pythium species (Zhang and Yang 2000; Matthiesen et 
al. 2016; Radmer et al. 2017). Reduced-tillage practices mean surface crop residue, 
which is a source of inoculum, is often present at the start of the next growing 
season (Broders et al. 2007b). Moreover, soils are usually wetter and cooler in 
reduced tillage systems (Van Doren et al. 1973; Griffith et al. 1977) and this favors 
pathogen infection. In addition, low temperatures at planting negatively impact 
germination and seedlings are more susceptible to infection by Pythium (Thomson et 
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al. 1971; Zhang and Yang 2000). Still, soybean farmers plant early to optimize yield 
(De Bruin and Pedersen 2008). 
 To protect germinating seed against soil-borne pathogens, soybean seed is 
treated with various combinations of fungicides, insecticides, and nematicides. The 
percentage of treated seed planted in Iowa has increased considerably over the past 
two decades (Munkvold 2009). Metalaxyl, mefenoxam, and ethaboxam are 
fungicides that are used to effectively manage Pythium species, however insensitive 
isolates have been reported (Dorrance et al. 2004; Broders et al. 2007a). Other 
fungicides that are often included in seed treatments are quinone oxidase inhibitors 
(QoI), specifically the strobilurins, which also have some activity against Pythium 
(Ellis et al. 2008). Reduced sensitivity of some Pythium species to strobilurins has 
also been reported (Broders et al. 2007a).  
  Host plant resistance forms the basis of many disease management 
programs. In soybean, both monogenic and polygenic resistance to Pythium have 
been reported. Rosso et al. (2008) identified a single dominant gene, Rpa1, for 
resistance to P. aphanidermatum using bulk segregant analysis in an Archer x 
Hutcheson population. Ellis et al. (2013) identified 6 quantitative trait loci (QTL) 
which explained between 7.9 and 17.8% of the variance seen in root rot score 
and/or standardized root weight using composite interval mapping in two three-way 
cross populations.  
 In both of these studies, only one Pythium species was used to phenotype the 
populations (Rosso et al. 2008; Ellis et al. 2013).  However, resistance to more than 
one species has also been identified in a soybean cultivar or line. Bates et al. (2008) 
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reported the cultivar Archer was resistant to P. ultimum, P. aphanidermatum, P. 
irregulare, and P. vexans, when compared to Hutcheson. Similarly, four of the 
SoyNAM parents, Maverick, Magellan, CLOJ095-4-6, and CLOJ173-6-8, were 
resistant to P. lutarium, P. sylvaticum, and P. torulosum, when compared to Sloan 
(Chapter 2). These three species of Pythium were amongst the most prevalent 
species recovered from damped-off soybean seedlings in a soybean disease survey 
across the North Central Region of the U.S. (Rojas et al. 2017a). Since a complex of 
Pythium species appear to infect soybean, identifying genetic resistance to multiple 
species is likely more useful to soybean breeders and farmers. 
 The SoyNAM populations are a valuable resource for researchers to identify 
traits of interest and QTL underlying their control. There are 40 subpopulations, each 
containing 140 recombinant inbred lines (RILs), that resulted from a cross of the 40 
SoyNAM parents to the hub parent, IA3023 (Diers et al. 2011). The SNP haplotype 
data for these populations is available for use at http://soybase.org/SoyNAM. In this 
study, the SoyNAM resource was exploited to identify QTL conferring resistance to 
seed rot caused by P. lutarium, P. oopapillum, and P. sylvaticum, in progeny of 
SoyNAM population 29 (PI 427.136 x IA3023), using inclusive composite interval 
mapping. 
 
Materials and Methods 
Seed source.  
Seed of the 140 RILs of SoyNAM population 29 (PI 427.136 x IA3023) (Diers 
et al. 2011) were obtained from Brian Diers at the University of Illinois at Urbana-
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Champaign. In a previous study, PI 427.136 was significantly more resistant than 
IA3023 to seed rot caused by P. lutarium, P. oopapillum, and P. sylvaticum (Chapter 
2). 
Pythium isolates.   
Isolates of each Pythium species used in this study were obtained from the 
Robertson lab collection and included P. sylvaticum IASO 2-8.18, P. lutarium IASO 
6-2.2r, and P. oopapillum IASO 2-11.8 (Matthiesen et al. 2016). Isolates were 
removed from long term storage and transferred to diluted V8 juice media with 
antibiotics (DV8++; Chapter 2) and allowed to grow for up to 5 days at room 
temperature.  
Phenotypic assay.   
A seed rot assay was performed as described (Chapter 2). Briefly, petri plates 
with DV8++ media were inoculated by placing a 3mm plug of an actively growing 
culture of Pythium in the center of the plate and incubating for 3-4 days at the 
preferred pathogen temperature (Chapter 2), depending on species being used. 
Surface-sterilized soybean seeds, 5 seeds per plate, were placed on each of 4 
treatment plates (N=20). One non-inoculated control plate containing 10 seeds was 
also used to check for germination and seed quality. Plates were incubated for 1 
week in the dark and at the preferred pathogen temperature (Chapter 2).  Seed from 
each of the 140 RILs, as well as the parental line PI 427.136, were screened with P. 
sylvaticum, P. lutarium, and P. oopapillum using an incomplete block design. Sloan 
was included as a susceptible check. The following evaluations were performed:  
63 
 
seed rot severity (SSR), percentage of rotted seeds (ROTS), and adjusted 
germination (GERM) (Chapter 2). 
Marker genotypes and linkage analysis.  
The single nucleotide polymorphism (SNPs) marker genotypes are publically 
available and were obtained from https://soybase.org/SoyNAM/index.php (Diers et 
al. 2011). Linkage analysis was performed using QTL IciMapping V4.1 (Li et al. 
2007) with the Kosambi mapping function. Markers were removed from the analysis 
if more than 25% of the genotype data was missing. Segregation distortion loci were 
removed at a p-value of less than 0.01. Linkage groups were first grouped by anchor 
and ordered with the nnTwoOpt algorithm. Rippling was performed using the SARF 
criterion. 
QTL mapping.  
SRS, ROTS, and GERM were used to map QTL with inclusive composite 
interval mapping (ICIM-ADD) using the QTL IciMapping software (Li et al. 2007). 
The significant genome-wide log of the odds (LOD) threshold was set using 1000 
permutations (p<0.05) in all analyses. QTL analysis with ICIM-ADD was also 
performed with the LOD manually set at 3.00. 
Statistical analysis.  
Analysis of variance (ANOVA) was used to determine significant differences 
between the blocks and runs, by looking for differences between checks, PI 427.136 
and Sloan. ANOVA was performed using the fit model function. Least significant 
means (LS mean) of each line were calculated using the fit model function. 
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Distribution of lines within traits SRS, ROTS, and GERM for each Pythium species 
were evaluated using the distribution function. Correlation analysis was used to 
determine if there was a significant correlation between traits, as well as a 
correlation among Pythium species for each trait. Correlation was completed using 
the fit model function. Statistical analyses were performed using JMP Pro 12.2.0 
(SAS Institute Inc). 
 
Results 
Resistance evaluations. 
 A range in SRS, ROTS, and GERM traits were observed in the RIL population 
for all Pythium species tested. The average SRS was 2.8, 2.5, and 3.8, for P. 
lutarium, P. oopapillum, and P. sylvaticum, respectively; average ROTS was 59, 43, 
and 92% for P. lutarium, P. oopapillum, and P. sylvaticum, respectively; and average 
GERM was 43, 59, and 11%, for P. lutarium, P. oopapillum, and P. sylvaticum, 
respectively. The data ranges between traits varied among the Pythium species 
evaluated (Figure1). For P. lutarium, SRS ranged between 0.9-4.0, ROTS ranged 
from 5-100%, and GERM ranged from 0-120%. For P. oopapillum, scores ranged 
between 0.8-4.0 for SRS, 0-100% for ROTS, and 0-100% for GERM. For P. 
sylvaticum, scores ranged between 3.0-4.0 for SRS, 30-110% for ROTS, and 0-60% 
for GERM. The resistant parent, PI 427.136, scored 1.2, 1.6, and 3.1 for SRS to P. 
lutarium, P. oopapillum, and P. sylvaticum, respectively; 21%, 20%, and 60% ROTS 
for P. lutarium, P. oopapillum, and P. sylvaticum, respectively; and had a GERM of 
88%, 84%, and 48% for P. lutarium, P. oopapillum, and P. sylvaticum, respectively. 
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The susceptible check, Sloan, scored 2.0, 2.1, and 3.9 for SRS to P. lutarium, P. 
oopapillum, and P. sylvaticum, respectively; had 35%, 22%, and 104% ROTS for P. 
lutarium, P. oopapillum, and P. sylvaticum, respectively; and had a GERM of 77%, 
81%, and 9% for P. lutarium, P. oopapillum, and P. sylvaticum, respectively. For P. 
lutarium, 3 RILs had a lower SRS than PI 427.136 and 99 RILs scored higher than 
Sloan; 14 RILs had a lower ROTS than PI 427.136 and 96 RILs were higher than 
Sloan; and 11 RILs had a higher GERM than PI 427.136 and 115 RILs were lower 
than Sloan. For P. oopapillum, 44 RILs had a lower SRS than PI 427.136 and 75 
RILs scored higher than Sloan; 52 RILs had a lower ROTS than PI 427.136 and 78 
RILs were higher than Sloan; and 47 RILs had a higher GERM than PI 427.136 and 
82 RILs were lower than Sloan. For P. sylvaticum, 3 RILs had a lower SRS than PI 
427.136 and 74 RILs scored higher than Sloan; 7 RILs had a lower ROTS than PI 
427.136 and 47 RILs were higher than Sloan; and 3 RILs had a higher GERM than 
PI 427.136 and 84 RILs were lower than Sloan.  
Correlation between seed rot traits. 
 For all three species, SRS was positively correlated with ROTS and 
negatively correlated with GERM. ROTS was also negatively correlated with GERM 
(Table 1). Correlations between traits varied between each of the Pythium species 
used in the assay. All three traits were significantly correlated with one another 
(p<0.0001). Overall, correlation between traits was lowest when the RILs were 
inoculated with P. sylvaticum. 
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Correlation between Pythium species. 
 Correlation coefficients varied between Pythium species and trait (Table 2). 
Infection by Pythium lutarium was significantly correlated with infection by P. 
oopapillum for all three seed rot traits, SRS, ROTS, and GERM (p<0.05). Similarly, 
infection by P. oopapillum was correlated with infection by P. sylvaticum for all traits 
(p<0.0001). No correlation was detected (p>0.05) between infection by P. lutarium 
and P. sylvaticum.  
Linkage map. 
 A total of 4546 polymorphic SNPs were used to develop a whole genome 
map of the RIL population. After removal of markers missing more than 25% of the 
genotype data and segregation distortion loci, 409 SNP markers were used for 
mapping. The number of markers mapped on each chromosome (linkage group) 
ranged between 4 and 52 (Appendix I). Marker density varied on each chromosome. 
Quantitative trait loci identified for each Pythium species. 
A total of 19 QTL were identified using ICIM-ADD with a LOD set at 3 for 
resistance to P. lutarium, 18 of which were identified by more than one trait. QTL 
were identified on chromosome 1, 2, 3, 5, 8, 10, 13, 19, and 20; however all were of 
a very minor effect (Table 3; Figure 2). The variance explained by these QTL ranged 
between 1.52 and 2.19%. Favorable alleles were contributed by both parents. No 
QTL were identified using ICIM-ADD when LOD was set using 1000 permutations 
for resistance to seed rot caused by P. lutarium. 
 For resistance to seed rot caused by P. oopapillum, 24 QTL were found using 
ICIM-ADD with LOD set at 3, 19 of which were identified by more than one trait 
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(Table 4; Figure 4). They were identified on chromosomes 1, 2, 3, 5, 8, 10, 13, 14, 
16, 19, and 20. The QTL all had a minor effect, explaining between 1.54 and 1.99% 
of the variance in phenotype. They were also contributed by both parents. No QTL 
were identified using ICIM-ADD when LOD was set using 1000 permutations for 
resistance to P. oopapillum. 
 Only one QTL was identified for resistance to P. sylvaticum using ICIM-ADD 
(Table 5; Figure 6). This QTL was identified on chromosome 8, explaining 1.32% of 
the variance in SRS and was contributed by resistant parent, PI 427.136. No QTL 
were identified using ICIM-ADD when LOD was set using 1000 permutations for 
resistance to P. sylvaticum. 
 Among the QTL identified when LOD was set at 3.00, 16 QTL were identified 
on the same chromosome and map position for resistance to seed rot caused by P. 
lutarium and P. oopapillum. These QTL are located on chromosomes 1, 2, 3, 5, 8, 
13, 19, and 20. One of these QTL, located on chromosome 8, was found on the 
same chromosome and map position for resistance to seed rot among P. lutarium, 
P. oopapillum, and P. sylvaticum. 
 
Discussion 
 In this research, SoyNAM population 29 was screened for resistance to three 
of the Pythium species prevalent in Iowa and across the Midwest (Matthiesen et al. 
2016; Rojas et al. 2017b). A previous study had shown that resistance to these 
Pythium species varied significantly between the parents of this population (Chapter 
2).  
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Comparison of the RILs with the resistant parent, PI 427,136 revealed that 
some RILs performed better than the resistant parent, having a lower SRS, lower 
ROTS, and higher GERM, which is indicative of transgressive segregation. This is 
particularly apparent in the assay screening for resistance to P. oopapillum where 44 
RILs had a numerically lower SRS than PI 427.136.  
The susceptible parent, IA3023 was not evaluated in these experiments, due 
to a lack of seed, so Sloan was included as a susceptible check. Previous work has 
shown that Sloan was susceptible to P. lutarium and P. sylvaticum (Chapter 2). In 
these experiments, many of the RILs had a SRS and ROTS higher than Sloan, and 
a GERM lower than Sloan. The average SRS and ROTS for P. sylvaticum was 
considerably greater than the average SRS and ROTS for P. lutarium and P. 
oopapillum. Average GERM for P. sylvaticum was four- to five-fold lower compared 
to the mean GERM for P. lutarium and P. oopapillum. Consequently, these data 
suggest that SoyNAM population is more susceptible to infection by P. sylvaticum.  
Although, variation was observed in SRS, ROTS, and GERM caused by P. 
lutarium, P. oopapillum, and P. sylvaticum, frequency distributions showed the data 
were not normally distributed, which is a requirement of interval mapping methods 
and likely affected the outcomes of this research. The range in SRS when the 
population was screened with P. sylvaticum was small, between 3.0 and 4.0, and 
this may have also affected analysis of this trait. Still when screening the population 
with P. lutarium or P. oopapillum, a good range in SRS was observed, yet the data 
still had a non-normal distribution. Standard interval mapping methods assume that 
data is normally distributed and there has been some research to improve mapping 
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of skew-normal data when data transformation fails to improve normality (Fernandes 
et al. 2007). In attempts to normalize the data, three data transformations, including 
a square-root, log, and Box-cox transformation, were attempted on SRS to P. 
lutarium, P. oopapillum, and P. sylvaticum. However, these attempts were 
unsuccessful and did not change the results of QTL analysis. Although it is possible 
that the scores used in the evaluation were narrow, between 0 and 4, other studies 
have used scales to assess disease severity and identify QTL (Zhao et al. 2005; 
Ellis et al. 2013; Acharya et al. 2015). For example, Ellis et al. (2013) used a 1 to 5 
scale to evaluate root rot caused by P. irregulare and were successfully able to map 
resistance QTL.  
A strong correlation was detected between the disease assessment 
parameters and variation observed in one parameter explained 74 to 99% of the 
variation seen in another parameter. The scale used to evaluate SRS takes into 
consideration both rotted seeds and seed germination, explaining the strong 
correlation detected between SRS, ROTS, and GERM. A significant correlation in 
SRS, ROTS, and GERM was identified between P. lutarium and P. oopapillum, as 
well as P. oopapillum and P. sylvaticum, but this correlation was not observed 
between P. lutarium and P. sylvaticum. P. lutarium and P. sylvaticum are assigned 
to different Pythium clades (Lévesque and De Cock 2004), and biological differences 
between the two species or the resistance response of soybean to infection by either 
could explain why a significant correlation was not found.  
 Resistance to necrotrophic pathogens is generally quantitative (Bruehl 1983; 
Raajimakers et al. 2009). The Pythium genome lacks RxLR effectors, which are 
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known in other oomycete species to be responsible for gene-for-gene resistance 
interactions with the host plant (Lévesque et al. 2010; Caballero and Tisserat 2016). 
There is considerable interest in understanding how Pythium spp. infect host crops 
and much research has focused on the proteins produced by these pathogens. 
Elicitins may be important for infection, as they trigger necrosis in host cells 
(Ponchet et al., 1999).  Although elicitins were found to be abundant in P. irregulare 
and P. iwayamai, the similarity between their elicitins was never more than 70% 
(Caballero & Tisserat, 2016). Lévesque et al. (2010) reported that P. ultimum 
encodes more E3 ligases than other oomycetes, which are known to degrade host 
response proteins. These different proteins likely affect resistance in the host plants 
to these different Pythium species, as well as to other oomycetes. Resistance genes 
have been previously identified in soybeans for resistance to P. aphanidermatum 
and P. irregulare, and were found to be near QTL for resistance to other root 
pathogens, such as Phythophthora sojae, soybean cyst nematode, and Fusarium 
virguliforme (Rosso et al. 2008; Ellis et al. 2013). 
Different parameters, such as the removal of markers with missing data and 
segregation distortion loci, were used to adjust the linkage map. The percent of 
markers with missing data and the p-value at which segregation distortion loci were 
manipulated to determine if significant markers, that were associated with QTL, were 
being removed by the set parameters. However, these changes did not prove fruitful 
when performing QTL mapping with a LOD set by permutations. 
Analysis was also performed using ICIM-ADD with a LOD manually set at 3. 
Several QTL were identified for resistance to P. lutarium, P. oopapillum, and P. 
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sylvaticum.  Unfortunately, the results showed the PVE was below 2.19% for QTL 
contributing to SRS, ROTS, and GERM for P. lutarium; below 1.99% for QTL 
contributing to SRS, ROTS, and GERM for P. oopapillum; and 1.32% for the QTL 
contributing to SRS for P. sylvaticum.  In these data, QTL were identified by all three 
phenotypes evaluated for P. lutarium and P. oopapillum, likely because a strong 
correlation was identified between the disease assessment parameters. One of the 
QTL identified was associated with resistance to P. lutarium, P. oopapillum, and P. 
sylvaticum. Additionally, 16 of the QTL identified were associated with resistance to 
P. lutarium and P. oopapillum. These data suggest that QTL contributing to 
resistance to different species of Pythium could be the same. Similarly, some of the 
QTL were identified on chromosomes where resistance genes to other Pythium 
species have been identified (Rosso et al. 2008; Ellis et al. 2013). More work would 
need to be done to confirm whether QTL conferring resistance are the same across 
Pythium species.  
Due to the low PVE of these QTL, they would not be useful in plant breeding 
efforts. Additionally, these QTL may have been identified by random chance as they 
were not significant when LOD was set by permutations. Classically, LOD is set at 3 
but this can result in false-positive QTL. It is now more contemporary to use 
permutations to set the LOD based on rearranging phenotype and genotype data of 
a particular data set to determine the likelihood of a QTL being detected by random 
chance. Other studies have explored different methods for setting the LOD value to 
optimize this significance threshold under different circumstances, such as having 
dense marker coverage (Dupuiss and Siegmund, 1999; Ooijen 1999). 
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 In previous studies, evaluations have focused on resistance to infection by 
Pythium species based on hypocotyl inoculations or root rot severity assays (Rosso 
et al. 2008; Ellis et al. 2013). These assays do not take into consideration resistance 
to seed rot. Although no QTL were identified to seed rot in this study, seed rot 
should still be considered when evaluating resistance to Pythium species. In their 
evaluation of over 80 species of Pythium recovered from diseased soybean 
seedlings, Rojas et al. (2017a; 2017b) demonstrated that some Pythium species 
were more pathogenic on germinating seed causing seed rot, while others did not 
cause seed rot but did not cause root rot in later stages. The difference in 
pathogenicity of Pythium may be related to the type or composition of exudates 
released by the seed versus the root, or resistance mechanisms within the host. 
Pieczarka and Abawi (1978) suggested that host resistance in snap bean to 
P. ultimum infection may be dependent on the different stages of infection. They 
hypothesized that resistance should be screened for in each of the five stages of 
seedling disease development, including seed rot, pre-emergence damping-off, 
post-emergence damping-off, root rot, and blight (Pieczarka and Abawi 1978). We 
identified weak but significant relationship between resistance to seed rot and 
resistance to root rot caused by P. sylvaticum and an insignificant relationship 
between resistance to seed and root caused by P. lutarium and P. oopapillum, 
further suggesting that resistance evaluations to Pythium should be completed at 
different stages of seedling disease development (Chapter 2).   
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Table 1:  Correlation coefficients of seed rot severity (SRS), percent rotted seeds 
(ROTS), and adjusted germination (GERM) in the seed rot severity assay performed 
using three Pythium species on the 140 recombinant inbred lines (RILs) of SoyNAM 
population 29 (PI 427.136 x IA3023) (p<0.0001). 
 P. lutarium P. oopapillum P. sylvaticum 
SRS/ROTS 0.990 0.981 0.805 
SRS/GERM -0.982 -0.946 -0.943 
ROTS/GERM -0.987 -0.971 -0.740 
 
 
Table 2:  Correlation coefficients (top number) and corresponding p-values (bottom 
number) of Pythium lutarium (PL), P. oopapillum (PO), and P. sylvaticum (PS) for 
traits seed rot severity (SRS), percent rotted seeds (ROTS), and adjusted 
germination (GERM) in the recombinant inbred line population PI 427.136 x IA3023. 
 SRS ROTS GERM 
PL/PO -0.255 -0.236 -0.252 
 0.003 0.005 0.003 
PL/PS -0.027 0.040 -0.084 
 0.750 0.637 0.984 
PO/PS 0.731 0.498 0.592 
 0.0001 0.0001 0.0001 
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Table 3:  Quantitative trait loci identified in population PI 427.136 x IA3023 for resistance to Pythium lutarium by 
inclusive composite interval mapping (ICIM-ADD) with a logarithm of the odds (LOD) manually set at 3.00. 
Trait Chromosome 
Map 
Position 
Left Marker Right Marker LOD PVE (%) Add Contributor 
SRS 1 23 Gm01_49287924_G_T Gm01_49143494_A_G 3.80 1.62 0.80 IA3023 
GERM 1 23 Gm01_49287924_G_T Gm01_49143494_A_G 3.75 1.59 -0.26 IA3023 
SRS 1 29 Gm01_47824189_C_T Gm01_47026025_A_C 5.10 1.72 0.83 IA3023 
GERM 1 29 Gm01_47824189_C_T Gm01_47026025_A_C 3.98 1.64 -0.27 IA3023 
SRS 2 61 Gm02_5467310_A_G Gm02_5360523_C_T 6.32 1.75 0.83 IA3023 
ROTS 2 61 Gm02_5467310_A_G Gm02_5360523_C_T 3.31 1.91 0.26 IA3023 
GERM 2 61 Gm02_5467310_A_G Gm02_5360523_C_T 4.51 1.65 -0.27 IA3023 
SRS 3 1 Gm03_47234236_A_G Gm03_46533591_G_A 5.50 1.80 -0.85 PI 427.136 
GERM 3 1 Gm03_47234236_A_G Gm03_46533591_G_A 3.53 1.71 0.27 PI 427.136 
SRS 5 1 Gm05_38440118_C_A Gm05_38635498_A_G 7.35 1.74 0.83 IA3023 
ROTS 5 1 Gm05_38440118_C_A Gm05_38635498_A_G 3.90 1.94 0.26 IA3023 
GERM 5 1 Gm05_38440118_C_A Gm05_38635498_A_G 5.50 1.67 -0.27 IA3023 
SRS 5 4 Gm05_38866786_T_C Gm05_38995911_C_T 7.28 1.90 0.87 IA3023 
ROTS 5 4 Gm05_38866786_T_C Gm05_38995911_C_T 3.16 1.91 0.26 IA3023 
GERM 5 4 Gm05_38866786_T_C Gm05_38995911_C_T 4.11 1.70 -0.27 IA3023 
SRS 8 1 Gm08_11981743_C_A Gm08_11933280_A_G 12.53 1.91 -0.87 PI 427.136 
ROTS 8 1 Gm08_11981743_C_A Gm08_11933280_A_G 8.14 2.19 -0.28 PI 427.136 
GERM 8 1 Gm08_11981743_C_A Gm08_11933280_A_G 10.21 1.85 0.28 PI 427.136 
SRS 8 4 Gm08_10733167_C_T Gm08_10849957_T_C 7.37 1.90 -0.87 PI 427.136 
ROTS 8 4 Gm08_10733167_C_T Gm08_10849957_T_C 3.74 1.94 -0.26 PI 427.136 
GERM 8 4 Gm08_10733167_C_T Gm08_10849957_T_C 4.99 1.69 0.27 PI 427.136 
SRS 8 8 Gm08_13554353_C_T Gm08_13626362_A_G 8.81 1.79 -0.84 PI 427.136 
ROTS 8 8 Gm08_13554353_C_T Gm08_13626362_A_G 4.83 2.00 -0.26 PI 427.136 
GERM 8 8 Gm08_13554353_C_T Gm08_13626362_A_G 7.93 1.76 0.27 PI 427.136 
SRS 10 22 Gm10_36744954_C_T Gm10_43599999_T_G 6.62 1.85 0.86 IA3023 
ROTS 10 22 Gm10_36744954_C_T Gm10_43599999_T_G 4.54 2.07 0.27 IA3023 
GERM 10 22 Gm10_36744954_C_T Gm10_43599999_T_G 5.38 1.78 -0.28 IA3023 
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Table 3 continued 
SRS 13 33 Gm13_30719300_A_G Gm13_30514971_G_T 5.27 1.87 -0.86 PI 427.136 
GERM 13 33 Gm13_30719300_A_G Gm13_30514971_G_T 3.40 1.55 0.26 PI 427.136 
SRS 13 40 Gm13_28093796_A_G Gm13_27227996_G_A 4.04 1.91 -0.87 PI 427.136 
SRS 19 19 Gm19_40500381_T_G Gm19_40450621_G_T 4.53 1.65 0.81 IA3023 
GERM 19 19 Gm19_40500381_T_G Gm19_40450621_G_T 3.03 1.52 -0.26 IA3023 
SRS 19 77 Gm19_849532_C_A Gm19_839611_A_G 10.96 1.87 -0.86 PI 427.136 
ROTS 19 77 Gm19_849532_C_A Gm19_839611_A_G 6.44 2.12 -0.27 PI 427.136 
GERM 19 77 Gm19_849532_C_A Gm19_839611_A_G 8.37 1.81 0.28 PI 427.136 
SRS 19 80 Gm19_1017355_T_G Gm19_1144055_C_T 8.90 1.81 -0.85 PI 427.136 
ROTS 19 80 Gm19_1017355_T_G Gm19_1144055_C_T 6.89 2.11 -0.27 PI 427.136 
GERM 19 80 Gm19_1017355_T_G Gm19_1144055_C_T 6.36 1.73 0.27 PI 427.136 
SRS 20 4 Gm20_631447_T_G Gm20_799891_C_T 8.42 1.92 -0.87 PI 427.136 
ROTS 20 4 Gm20_631447_T_G Gm20_799891_C_T 5.29 2.05 -0.27 PI 427.136 
GERM 20 4 Gm20_631447_T_G Gm20_799891_C_T 6.08 1.81 0.28 PI 427.136 
SRS 20 9 Gm20_1235366_T_C Gm20_1325805_G_T 9.33 1.79 -0.84 PI 427.136 
ROTS 20 9 Gm20_1235366_T_C Gm20_1325805_G_T 5.98 2.01 -0.26 PI 427.136 
GERM 20 9 Gm20_1235366_T_C Gm20_1325805_G_T 8.16 1.74 0.27 PI 427.136 
SRS 20 17 Gm20_2499205_A_G Gm20_11725034_C_T 7.97 1.89 0.87 IA3023 
ROTS 20 17 Gm20_2499205_A_G Gm20_11725034_C_T 4.22 2.14 0.27 IA3023 
GERM 20 17 Gm20_2499205_A_G Gm20_11725034_C_T 5.33 1.81 -0.28 IA3023 
SRS 20 25 Gm20_2350656_A_G Gm20_2232996_G_A 9.68 1.79 0.85 IA3023 
ROTS 20 25 Gm20_2350656_A_G Gm20_2232996_G_A 7.23 2.05 0.27 IA3023 
GERM 20 25 Gm20_2350656_A_G Gm20_2232996_G_A 8.65 1.75 -0.27 IA3023 
! Logarithm of the odds. 
* Phenotypic variance explained by the QTL. 
# Additive effects. A negative sign for SRS and ROTS indicates that parent PI 427.136 contributed the favorable 
allele. A negative sign for GERM indicates that parent IA3023 contributed the favorable allele. 
$ Seed rot severity. 
@ Percent rotted seeds.  
% Adjusted germination. 
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Table 4:  Quantitative trait loci identified in population PI 427.136 x IA3023 for resistance to Pythium oopapillum by 
inclusive composite interval mapping (ICIM-ADD) with a logarithm of the odds (LOD) manually set at 3.00.  
Trait Chromosome 
Map 
Position 
Left Marker Right Marker LOD! 
PVE* 
(%) 
Add# Contributor 
SRS$ 1 11 Gm01_52673010_T_C Gm01_51320976_C_A 5.19 1.86 -0.93 PI 427.136 
ROTS@ 1 11 Gm01_52673010_T_C Gm01_51320976_C_A 9.61 1.90 -0.32 PI 427.136 
GERM% 1 11 Gm01_52673010_T_C Gm01_51320976_C_A 4.06 1.95 0.32 PI 427.136 
SRS 1 23 Gm01_49287924_G_T Gm01_49143494_A_G 5.02 1.75 0.91 IA3023 
ROTS 1 23 Gm01_49287924_G_T Gm01_49143494_A_G 8.68 1.88 0.31 IA3023 
GERM 1 23 Gm01_49287924_G_T Gm01_49143494_A_G 5.30 1.89 -0.32 IA3023 
SRS 1 29 Gm01_47824189_C_T Gm01_47026025_A_C 8.15 1.81 0.93 IA3023 
ROTS 1 29 Gm01_47824189_C_T Gm01_47026025_A_C 10.16 1.84 0.31 IA3023 
GERM 1 29 Gm01_47824189_C_T Gm01_47026025_A_C 9.89 1.93 -0.32 IA3023 
SRS 2 54 Gm02_7026446_T_C Gm02_6984267_G_A 4.52 1.71 0.90 IA3023 
SRS 2 61 Gm02_5467310_A_G Gm02_5360523_C_T 7.23 1.87 0.93 IA3023 
SRS 3 1 Gm03_47234236_A_G Gm03_46533591_G_A 6.59 1.70 -0.89 PI 427.136 
ROTS 3 1 Gm03_47234236_A_G Gm03_46533591_G_A 6.66 1.93 -0.31 PI 427.136 
SRS 3 3 Gm03_46374133_T_C Gm03_46333142_G_A 4.14 1.67 -0.88 PI 427.136 
SRS 5 1 Gm05_38440118_C_A Gm05_38635498_A_G 7.69 1.77 0.91 IA3023 
ROTS 5 1 Gm05_38440118_C_A Gm05_38635498_A_G 10.50 1.94 0.32 IA3023 
GERM 5 1 Gm05_38440118_C_A Gm05_38635498_A_G 5.69 1.79 -0.30 IA3023 
SRS 5 4 Gm05_38866786_T_C Gm05_38995911_C_T 9.84 1.91 0.95 IA3023 
ROTS 5 4 Gm05_38866786_T_C Gm05_38995911_C_T 11.99 1.91 0.31 IA3023 
GERM 5 4 Gm05_38866786_T_C Gm05_38995911_C_T 9.57 1.97 -0.32 IA3023 
SRS 8 1 Gm08_11981743_C_A Gm08_11933280_A_G 15.65 1.92 -0.95 PI 427.136 
ROTS 8 1 Gm08_11981743_C_A Gm08_11933280_A_G 19.08 1.94 -0.32 PI 427.136 
GERM 8 1 Gm08_11981743_C_A Gm08_11933280_A_G 14.78 1.99 0.32 PI 427.136 
SRS 8 4 Gm08_10733167_C_T Gm08_10849957_T_C 8.30 1.91 -0.95 PI 427.136 
ROTS 8 4 Gm08_10733167_C_T Gm08_10849957_T_C 11.97 1.94 -0.32 PI 427.136 
GERM 8 4 Gm08_10733167_C_T Gm08_10849957_T_C 7.70 1.99 0.32 PI 427.136 
SRS 8 8 Gm08_13554353_C_T Gm08_13626362_A_G 9.53 1.84 -0.92 PI 427.136 
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Table 4 continued 
ROTS 8 8 Gm08_13554353_C_T Gm08_13626362_A_G 8.88 1.81 -0.30 PI 427.136 
GERM 8 8 Gm08_13554353_C_T Gm08_13626362_A_G 8.01 1.85 0.30 PI 427.136 
ROTS 10 4 Gm10_25438815_T_C Gm10_36744954_C_T 8.94 1.92 0.32 IA3023 
GERM 10 4 Gm10_25438815_T_C Gm10_36744954_C_T 7.03 1.96 -0.32 IA3023 
SRS 13 33 Gm13_30719300_A_G Gm13_30514971_G_T 6.83 1.72 -0.90 PI 427.136 
ROTS 13 33 Gm13_30719300_A_G Gm13_30514971_G_T 7.74 1.78 -0.30 PI 427.136 
GERM 13 33 Gm13_30719300_A_G Gm13_30514971_G_T 7.10 1.82 0.30 PI 427.136 
SRS 14 37 Gm14_19191613_T_C Gm14_28858778_G_T 3.17 1.54 0.86 IA3023 
ROTS 14 37 Gm14_19191613_T_C Gm14_28858778_G_T 6.28 1.90 0.31 IA3023 
SRS 14 39 Gm14_36427714_G_A Gm14_42049096_A_C 5.39 1.65 0.89 IA3023 
ROTS 14 39 Gm14_36427714_G_A Gm14_42049096_A_C 9.48 1.89 0.31 IA3023 
GERM 14 39 Gm14_36427714_G_A Gm14_42049096_A_C 6.37 1.75 -0.30 IA3023 
ROTS 16 2 Gm16_27173199_G_T Gm16_18602792_A_G 6.61 1.88 -0.31 PI 427.136 
GERM 16 9 Gm16_6049267_T_G Gm16_6444332_G_A 6.89 1.96 0.32 PI 427.136 
SRS 19 19 Gm19_40500381_T_G Gm19_40450621_G_T 5.14 1.66 0.88 IA3023 
ROTS 19 19 Gm19_40500381_T_G Gm19_40450621_G_T 6.22 1.74 0.30 IA3023 
SRS 19 77 Gm19_849532_C_A Gm19_839611_A_G 9.73 1.81 -0.92 PI 427.136 
ROTS 19 77 Gm19_849532_C_A Gm19_839611_A_G 9.98 1.86 -0.31 PI 427.136 
GERM 19 77 Gm19_849532_C_A Gm19_839611_A_G 5.37 1.82 0.30 PI 427.136 
SRS 19 80 Gm19_1017355_T_G Gm19_1144055_C_T 11.82 1.84 -0.94 PI 427.136 
ROTS 19 80 Gm19_1017355_T_G Gm19_1144055_C_T 18.99 1.94 -0.32 PI 427.136 
GERM 19 80 Gm19_1017355_T_G Gm19_1144055_C_T 14.99 1.99 0.32 PI 427.136 
SRS 20 4 Gm20_631447_T_G Gm20_799891_C_T 9.54 1.91 -0.95 PI 427.136 
ROTS 20 4 Gm20_631447_T_G Gm20_799891_C_T 12.90 1.94 -0.32 PI 427.136 
GERM 20 4 Gm20_631447_T_G Gm20_799891_C_T 8.90 1.96 0.32 PI 427.136 
SRS 20 9 Gm20_1235366_T_C Gm20_1325805_G_T 8.83 1.76 -0.91 PI 427.136 
ROTS 20 9 Gm20_1235366_T_C Gm20_1325805_G_T 11.11 1.94 -0.32 PI 427.136 
GERM 20 9 Gm20_1235366_T_C Gm20_1325805_G_T 7.13 1.83 0.31 PI 427.136 
SRS 20 17 Gm20_2499205_A_G Gm20_11725034_C_T 9.36 1.89 0.94 IA3023 
ROTS 20 17 Gm20_2499205_A_G Gm20_11725034_C_T 13.91 1.93 0.32 IA3023 
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Table 4 continued 
GERM 20 17 Gm20_2499205_A_G Gm20_11725034_C_T 9.30 1.98 -0.32 IA3023 
SRS 20 25 Gm20_2350656_A_G Gm20_2232996_G_A 10.68 1.89 0.94 IA3023 
ROTS 20 25 Gm20_2350656_A_G Gm20_2232996_G_A 15.51 1.94 0.32 IA3023 
GERM 20 25 Gm20_2350656_A_G Gm20_2232996_G_A 10.56 1.90 -0.31 IA3023 
! Logarithm of the odds. 
* Phenotypic variance explained by the QTL. 
# Additive effects. A negative sign for SRS and ROTS indicates that parent PI 427.136 contributed the favorable 
allele. A negative sign for GERM indicates that parent IA3023 contributed the favorable allele. 
$ Seed rot severity. 
@ Percent rotted seeds. 
% Adjusted germination. 
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Table 5:  Quantitative trait loci identified in population PI 427.136 x IA3023 for 
resistance to Pythium sylvaticum by inclusive composite interval mapping (ICIM-ADD) 
with a logarithm of the odds (LOD) manually set at 3.00. 
Trait Chromosome 
Map 
Position 
Left Marker Right Marker LOD! 
PVE* 
(%) 
Add# Contributor 
SRS$ 8 8 Gm08_13554353_C_T Gm08_13626362_A_G 4.18 1.32 -0.27 PI 427.136 
 
! Logarithm of the odds. 
* Phenotypic variance explained by the QTL. 
# Additive effects. A negative sign for SRS indicates that parent PI 427.136 contributed 
the favorable allele.  
$ Seed rot severity. 
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Figure 1: Frequency distribution 140 recombinant inbred lines (RILs) of SoyNAM population 29 (PI 427.136 x 
IA3023) of disease assessment parameters in a seed rot assay evaluating seed rot severity (SRS; A, D, and G), 
percent rotted seeds (ROTS; B, E, and H), and adjusted germination (GERM; C, F, and I) for resistance to Pythium 
lutarium (A-C), P. oopapillum (D-F), and P. sylvaticum (G-I). 
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Figure 2: Quantitative trait loci identified in PI 427.136 x IA3023 (PI4) recombinant 
inbred line population for seed rot severity (SRS; circle), percent rotted seeds (ROTS; 
triangle); and adjusted germination (GERM; diamond) associated with resistance to 
Pythium lutarium using ICIM-ADD with logarithm of the odds (LOD) manually set at 3. 
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Figure 3: Quantitative trait loci identified in PI 427.136 x IA3023 (PI4) recombinant 
inbred line population for seed rot severity (SRS; circle), percent rotted seeds (ROTS; 
triangle); and adjusted germination (GERM; diamond) associated with resistance to 
Pythium oopapillum using ICIM-ADD with logarithm of the odds (LOD) manually set at 
3. 
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Figure 4: Quantitative trait loci identified in PI 427.136 x IA3023 (PI4) recombinant 
inbred line population for seed rot severity (SRS; circle) associated with resistance to 
Pythium sylvaticum using ICIM-ADD with logarithm of the odds (LOD) manually set at 3. 
Chromosome 8 
94 
 
CHAPTER 4. 
EFFECT OF CO-INOCULATION WITH PYTHIUM AND FUSARIUM SPECIES ON 
SEEDLING DISEASE DEVELOPMENT OF SOYBEAN 
 
A paper to be submitted to the journal of Plant Disease 
 
Elizabeth R. Lerch and Alison E. Robertson 
Department of Plant Pathology and Microbiology, Iowa State University, Ames, IA 
50011 
 
Abstract 
 Seedling disease of soybean is caused by Pythium spp., Fusarium spp., 
Phytophthora sojae, and Rhizoctonia solani. Multiple pathogens are frequently 
recovered together from diseased soybean seedlings, suggesting a seedling disease 
complex. Pythium sylvaticum and P. irregulare are prevalent oomycetes and Fusarium 
oxysporum and F. graminearum are prevalent fungi associated with seedling disease of 
soybean. A cup assay was used to evaluate the effect of co-inoculation with Pythium 
and Fusarium species on soybean seedling disease development. Cups were 
inoculated with either Pythium alone, Fusarium alone, or co-inoculated with both 
genera. Non-inoculated cups were used as a control. Cups were sampled at 2, 4, 6, 8, 
and 10 days after planting (DAP) and disease severity (DS), wet root weight (WRW), 
and emergence (EME) were determined. Isolations on selective media were done to 
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determine pathogen prevalence. Seedling disease was more severe in cups inoculated 
with Pythium compared to those inoculated with Fusarium. No difference in disease 
development was observed for the Pythium species tested, but more severe disease 
development occurred on seedlings inoculated with F. graminearum compared to those 
inoculated with F. oxysporum. Generally, there was little difference in disease 
development between treatments inoculated with Pythium alone and those co-
inoculated with Pythium and Fusarium. Over time, an increase in DS and WRW was 
observed in Pythium+Fusarium treatments and there was no effect of time on EME. 
Under the conditions used in these experiments, there was no observed interaction of 
Pythium and Fusarium on soybean. 
 
 
Introduction 
Seedling disease of soybean is widely distributed in the United States (Yang and 
Feng 2001) and is frequently associated with yield loss (Doupnik 1993; Wrather et al. 
2001; Wrather and Koenning 2006; Wrather and Koenning 2009). Seedling disease 
affects germinating seeds causing pre- and post-emergence damping-off, as well as 
root rot in developing seedlings (Yang 1999; Kirkpatrick et al. 2006; Broders et al. 
2007a; Pedersen and Robertson 2007; Díaz Arias et al. 2013b). A significant effect of 
seedling disease is reduced and delayed emergence that may affect crops stands and 
consequently yield (Hamman et al. 2002). Soil-borne fungi and oomycetes, such as 
Fusarium species, Rhizoctonia solani, Phytophthora sojae, and Pythium species, are 
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causal agents of seedling disease in soybean (Rizvi and Yang 1996; Yang 1999; Yang 
and Feng 2001; Pedersen and Robertson 2007; Murillos-Williams and Pedersen 2008; 
Díaz Arias et al. 2013b).  
 In a Midwest survey identifying oomycete and fungal species associated with 
symptomatic soybean seedlings from 2011 to 2013, Pythium was the most frequently 
recovered oomycete genus (Warner et al. 2016; Rojas et al. 2017a; Rojas et al. 2017b). 
The most prevalent Pythium species isolated were P. sylvaticum, P. oopapillum, P. 
irregulare, P. heterothallicum, P. lutarium, P. ultimum var. ultimum, P. aff. dissotocum, 
and P. aff. torulosum (Rojas et al. 2017a; Rojas et al. 2017b).  Phytophthora sojae, 
which was the oomycete most frequently associated with soybean seedlings in the 
1970s, was the 26th most frequently recovered oomycete (Rojas et al. 2017a).  
Similarly, a low prevalence of Ph. sojae has been reported in Iowa (Rizvi and Yang 
1996; Murillos-Williams and Pedersen 2008). 
Of the fungal species, Fusarium species comprised 72% of all identified fungal 
species and only 1% of the isolates were Rhizoctonia spp. (Warner et al. 2016). The 
most prevalent Fusarium sp. isolated was Fusarium oxysporum, followed by F. 
graminearum, F. acuminatum, F. solani, F. verticillioides, F. sporotrichioides, and F. 
proliferatum (Warner et al. 2016). These data are similar to those reported by Díaz Arias 
(2012), who identified the most prevalent Fusarium spp. associated with soybean in 
Iowa.  
Although a single species of Pythium can cause disease, many species are 
frequently isolated from the same diseased seedling (Rizvi and Yang 1996; Dorrance et 
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al. 2004; Broders et al. 2007a). Similarly, multiple Fusarium spp. can be isolated from 
the same seedling (Broders et al. 2007b). Additionally, Pythium and Fusarium species 
are often isolated together from the same seedling (Hendrix and Campbell 1973; Rizvi 
and Yang 1996) suggesting seedling disease may be caused by interactions between 
pathogens.  
Pythium spp. were previously not known to be vigorous competitors and infection 
of hosts was thought to be rapidly followed by colonization by more aggressive fungi 
(Hendrix and Campbell 1973). On corn, Mao et al. (1998) suggested that Pythium spp. 
cause root rot and thus provide an infection court for other pathogens to colonize the 
developing plant. Since certain Fusarium spp. are not highly vigorous, Rizvi and Yang 
(1996) surmised that those Fusarium spp. associated with diseased soybean seedlings 
were secondary colonizers. Infection of hosts by F. oxysporum, a weak pathogen, 
increased when Pythium spp. were also present (Kerr 1963).  
Few studies have explored the interaction between Pythium and Fusarium 
species. In pea, severity of root rot was increased when plants were inoculated with 
both Pythium and Fusarium spp. compared to those inoculated with only one species of 
either pathogen (Kerr 1963; Escobar et al. 1967). Similarly, a synergistic interaction was 
found between P. ultimum and F. solani f. sp. phaseoli on snap beans, as root rot was 
increased when both pathogens were present (Pieczarka and Abawi 1978). In peanut, a 
greater incidence of pod rot was observed when Pythium myriotylum and F. solani were 
present together compared to either pathogen alone (Garcia and Mitchell 1975). 
However, there are also reports of no interaction occurring among pathogens. Schlub 
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and Lockwood (1981) reported no interaction between P. ultimum and F. oxysporum on 
soybean. This may have been due to the relatively high temperature (28°C) used in the 
greenhouse assays (Schlub and Lockwood 1981). Soil temperatures at recommended 
planting dates in Iowa are usually much lower at 10-15°C (De Bruin and Pedersen 
2008). 
 Pythium and Fusarium species are endemic to soybean fields in Iowa and the 
Midwest.  Since both genera are often recovered from soybeans (Díaz Arias et al. 
2013a; Warner et al. 2016; Rojas et al. 2017a; Rojas et al. 2017b), it is possible that 
they may interact to cause seedling disease. A better understanding of this pathosystem 
would enable improved disease management strategies. Thus the goal of this work was 
to evaluate the development of seedling disease over time when co-inoculation of 
soybean with the following pathogen combinations were used:  P. irregulare and F. 
oxysporum, P. irregulare and F. graminearum, P. sylvaticum and F. oxysporum, and P. 
sylvaticum and F. graminearum. In addition, we assessed colonization of root tissues by 
the pathogens. These species were chosen since they represent some of the most 
frequently isolated oomycete and fungal species associated with damped-off soybean 
seedlings (Díaz Arias et al. 2013a; Warner et al. 2016; Rojas et al. 2017a; Rojas et al. 
2017b). Additionally, analysis of survey data from 2012 found that pathogenic Pythium 
and Fusarium species are isolated together in the same field (Lerch et al. 2016).  
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Materials and methods 
Pythium and Fusarium isolates.  
Pythium isolates were obtained from the Robertson lab collection, and included 
P. irregulare IA-Gr-21 and P. sylvaticum IASO 2-8.18 (Matthiesen et al. 2016). Fusarium 
isolates, F. graminearum Fg5 and F. oxysporum Fo5 (Díaz Arias 2012) stored long-term 
in glycerol at -80°C were obtained from Dr. Gary Munkvold at Iowa State University. 
Isolates were removed from long term storage, transferred to diluted V8 juice media 
with antibiotics (DV8++), as previously described (Chapter 2), and stored in the dark at 
room temperature for up to 5 days. 
Inoculum preparation.  
Pythium inoculum was prepared as previously described (Chapter 2). Fusarium 
inoculum was prepared using a modified method of the same protocol. Briefly, sterilized 
millet in vented, autoclavable bags was inoculated with either Fusarium isolate and 
incubated at room temperature in the dark for 5 to 7 days, before use. 
Co-inoculation assay.  
Four experiments were completed to assess the effect of co-inoculation with P. 
irregulare and F. oxysporum (PIFO), P. irregulare and F. graminearum (PIFG), P. 
sylvaticum and F. oxysporum (PSFO), and P. sylvaticum and F. graminearum (PSFG).  
There were a total of 4 treatments in each co-inoculation experiment:  a non-inoculated 
control, inoculation with Pythium alone (Pythium-only), inoculation with Fusarium alone 
(Fusarium-only), and co-inoculation with Pythium- and Fusarium (Pythium+Fusarium). 
For each treatment a total of 10 mL of pathogen-infested inoculum was mixed 
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thoroughly throughout 182 mL of sterile sand-soil mix that was placed in a 240 mL 
polystyrene cup. In the co-inoculation treatment that contained both Pythium- and 
Fusarium-infested millet, 5 mL of each source of inoculum was used. Six seeds of 
soybean cultivar Sloan were placed in each of 5 treatment cups (N=30) for each 
treatment at each sampling time and 30 mL of vermiculite were placed on top of the 
seeds, to prevent crusting. The cups were incubated at 18°C and destructively sampled 
at 2, 4, 6, 8, and 10 days after planting.  At each time point, 5 cups of each treatment 
were sampled. Three experimental runs were completed for each interaction. 
 Disease severity (DS) for each seedling was estimated visually as the percent 
root rot of the total root area based. Wet root weight (WRW) was determined as the total 
mass of all root tissue in each cup divided by the total number of sampled seedlings per 
cup to obtain a per root value to allow for comparison between treatments. Percent 
emergence (EME) was determined as the percent plants with cotyledons present above 
the layer of vermiculite. 
Pathogen isolation.  
From each cup, half of the sampled roots were used for isolations, while the 
remaining half of the root samples were saved for future work. Sampled roots from each 
of the five treatment cups were pooled together to have a sample large enough to 
perform isolations. Roots were rinsed in sterile water, placed on an autoclaved paper 
towel, cut into 2-4 mm pieces, and pressed with a sterile paper towel to remove excess 
water. Forty arbitrarily chosen root pieces were placed on ten 60-mm petri plates (4 
pieces per plate) containing 10 mL PARP+B (Matthiesen et al. 2016), which is selective 
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for Pythium species. An additional 40 root pieces were placed on 10 petri plates 
containing 10 mL of water agar media with 1 μg/mL metalaxyl to isolate Fusarium spp. 
For 1 week, the plates were checked daily for mycelial growth originating from the root 
piece and the total number of root pieces growing mycelia of the respective pathogen 
was recorded at the end of one week. 
Data analysis.  
Analysis of variance (ANOVA) was used to determine significant differences in 
DS, WRW, EME, and frequency of isolation for both Pythium and Fusarium between 
treatments at each sample time, as well as differences between runs. When no 
significant difference in run was observed, data were combined for further analyses. 
Where significant differences were detected, Tukey’s honestly significant difference 
(P<0.05) was used to compare treatments and sample times. Analyses were performed 
using the fit model function. Using DS data, area under the disease progress curve was 
calculated using the fit curve function to determine differences in disease development 
among treatments. Additionally, to show changes in WRW and EME over time, linear 
regression was performed using the Y by X function. All analyses were performed using 
JMP Pro 12.2.0 (SAS Institute, Inc.). 
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Results 
Effect of inoculation treatment on disease assessment parameters. 
Pythium irregulare and Fusarium oxysporum. 
No significant difference in run was detected in DS (p=0.3035) thus data were 
pooled for analysis. In the Pythium-only treatment, DS was greater than the non-
inoculated control (p<0.05) at all sampling times (p<0.05; Table 1). DS in the Fusarium-
only treatment was only greater than the non-inoculated control at 10 DAP. (p<0.05). 
DS of the Pythium+Fusarium treatment was comparable to the Pythium-only treatment 
and greater than the Fusarium-only treatment at 4, 6, 8, and 10 DAP. 
No significant effect of run was identified for WRW (p=0.1133) and consequently 
all data were analyzed together. No effect of treatment on WRW was detected at 2 and 
4 DAP (Table 2). At 6, 8, and 10 DAP there was a significant effect of treatment on 
WRW (p<0.0001). WRW was greater in the non-inoculated control and Fusarium-only 
treatment than compared to the Pythium-only and Pythium+Fusarium treatments. 
No significant effect of run on EME was detected (p=0.1365) and data were 
combined for analysis. No EME was recorded until 6 DAP (Table 3). EME was greater 
in the non-inoculated control and Fusarium-only treatment compared to the Pythium-
only and Pythium+Fusarium treatments at 6, 8, and 10 DAP (p<0.0001). 
Pythium irregulare and Fusarium graminearum. 
A significant difference in run was detected for DS in PIFG (p=0.0002), but no 
significant difference was found between run 1 and run 3 (p=0.2175), and consequently 
these two sets of data were analyzed together. At 2 DAP, there was no effect of 
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inoculation treatment on DS (Table 1). No significant difference in DS was found among 
the non-inoculated control, Pythium-only and Pythium+Fusarium treatments at 4, 6, and 
8 DAP, but DS was significantly less than the Fusarium-only treatment (p<0.0001). At 
10, DAP, DS was greater in the inoculated treatments. In the Pythium-only and 
Fusarium-only treatments, DS was similar, while DS in the Pythium+Fusarium treatment 
was greater than the Fusarium-only treatment but not different than the Pythium-only 
treatment. 
A significant effect of run was found in WRW (p<0.0001), but no significant 
difference was found between run 2 and run 3 (p=0.0823) and therefore the data were 
combined for analysis. At 6, 8, and 10 days there was a significant effect of treatment 
on WRW (p=0.0006; Table 2). At 6 and 10 DAP, WRW was lower in the Pythium-only 
and Pythium+Fusarium treatments, than in the non-inoculated control. The WRW of the 
Fusarium-only treatment was never different to that of the non-inoculated control. 
There was no significant effect of run on EME (p=0.1165) and consequently data 
were analyzed together. No seedlings emerged until 8 DAP and a significant effect of 
treatment at 8 and 10 DAP was detected (p<0.0001; Table 3). At 8 DAP, EME between 
the Pythium-only and Pythium+Fusarium treatments was very low, and differed from the 
non-inoculated control. At 10 DAP, EME was higher in the non-inoculated control than 
in all inoculated treatments.  
Pythium sylvaticum and Fusarium oxysporum. 
No significant difference in run was identified in DS (p=0.2759) so data from the 
three runs were combined for analysis. There was an effect of treatment on DS at 4, 6, 
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8, and 10 DAP (p<0.0001; Table 1). DS was greater in Pythium-only treatments and 
Pythium+Fusarium treatments than in the non-inoculated control and in the Fusarium-
only treatments at 4, 6, 8, and 10 DAP. No significant difference in DS was found 
between the Pythium-only and Pythium+Fusarium treatments. 
No significant effect of run on WRW as identified (p=0.2821) so data from each 
run were combined for analysis. No effect of treatment was detected at 2 and 4 DAP. 
WRW was greatest in the non-inoculated control and Fusarium-only treatment at 6, 8, 
and 10 DAP (p<0.0001; Table 2). At 10 DAP, WRW of the Pythium-only treatment was 
less than the Pythium+Fusarium treatment. 
There was no significant effect of run on EME in PSFO (p=0.4566) so data for all 
three runs were combined. EME did not occur until 6 DAP (Table 3) and was greater in 
the non-inoculated control and F. oxysporum-only treatment than in Pythium-only and 
Pythium+Fusarium treatments at 6, 8, and 10 DAP (p<0.0001). 
Pythium sylvaticum and Fusarium graminearum.  
No significant difference in run was identified in DS (p=0.0930) so data from all 
three runs were combined for analysis. At 2 DAP, there was no effect of inoculation 
treatment on DS (Table 1). Thereafter, higher DS was observed in the Pythium-only and 
Pythium+Fusarium treatments than in comparison to the non-inoculated control and 
Fusarium-only treatment at 4, 6, 8, and 10 DAP (p<0.0001). At 4 and 10 DAP, there was 
no significant difference between Pythium-only and Pythium+Fusarium treatments. At 6 
DAP, DS was greater in the Pythium-only treatment compared to the Pythium+Fusarium 
treatment. Conversely, at 8 DAP, DS was lower in P. sylvaticum-only treatments.  
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No significant effect of run on WRW was identified (0.5079) so data from all three 
runs were combined. Differences in WRW between treatments were not observed until 
6 DAP (Table 2). At 6, 8, and 10 days there was a significant effect of treatment on 
WRW (p<0.0001). At 6 DAP, the Pythium-only treatment had a lower WRW than the 
non-inoculated control and the Fusarium-only treatment. WRW was higher in the non-
inoculated control and Fusarium-only than in the Pythium-only and Pythium+Fusarium 
treatments at 8 and 10 DAP.  
There was no significant effect of run on EME (p=0.9403) so data from all three 
runs were combined. EME did not occur until 6 DAP (Table 3). At 6, 8, and 10 DAP, 
EME was higher in the non-inoculated control than in the Pythium-only, Fusarium-only, 
and Pythium+Fusarium treatments (p<0.0001). 
Effect of time on disease assessment parameters. 
 Differences in development of DS over time, were determined by comparing area 
under the disease progress curve (AUDPC) for each treatment. In the non-inoculated 
control, no disease developed and thus AUDPC was 0 for PIFO, PIFG, PSFO, and 
PSFG (Table 4). AUDPC was highest in the Pythium-only treatment and lowest in the 
Fusarium-only treatment in all four interactions.  
Linear regression was performed to determine the change in WRW and EME 
over time. For WRW, the slope of the line was highest in the non-inoculated control, 
followed by the Fusarium-only treatment, Pythium+Fusarium treatment, with the 
Pythium-only treatment having the lowest slope in all four interactions experiments 
(Table 5). Similarly, for EME, in PIFO, PIFG, PSFO, and PSFG, the slope of the line 
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was highest in the non-inoculated control (Table 6). In experiments, PIFO, PIFG, and 
PSFG, the rate of emergence was the same for the Pythium-only and 
Pythium+Fusarium treatments. 
Isolation of Pythium.  
 In all of the experiments, Pythium was recovered only from those treatments that 
were inoculated with the pathogen. The frequency of Pythium detected between the 
Pythium-only and Pythium+Fusarium treatments were not different at any sampling time 
in any experiment (Table 7).  
 The frequency of Pythium isolated in the PIFO experiment, the PIFG experiment 
and the PSFG experiment did not differ across sampling times (p=0.1619, p=0.1301, 
p=0.5234, respectively; Figure 1). An effect of time on the frequency of P. sylvaticum 
isolated in the PSFO experiment was detected (p=0.0050). The frequency of P. 
sylvaticum isolated in the Pythium-only and Pythium+Fusarium treatments was greater 
at 4, 6, 8, and 10 DAP compared to at 2 DAP.  
Isolation of Fusarium. 
 Fusarium was recovered from only those treatments that were inoculated with 
the pathogen for all experiments. No differences were detected in the frequency of 
Fusarium detected between the Fusarium-only and Pythium+Fusarium treatments at 
any sampling time in any experiment (Table 8). 
 An effect of time was observed in the frequency of isolation of Fusarium from all 
interaction experiments (p<0.0001; Figure 2). In general, the frequency with which 
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Fusarium was isolated increased over time in both treatments in which the pathogen 
was present. 
Discussion 
 Pythium and Fusarium species are endemic to soybean fields in the U.S. and are 
frequently both recovered from damped-off soybean seedling. In this study, we co-
inoculated seedlings with prevalent species of these each genera and evaluated the 
effect on seedling disease development. Generally, no difference in DS, WRW, and 
EME were observed between the Pythium-only and the Pythium+Fusarium treatments, 
indicating that disease observed in the combined treatment was primarily due to 
infection by Pythium. The effect of Fusarium on the parameters assessed varied more 
across sampling times and among experiments. In general, DS was more severe in the 
Fusarium-only treatment compared to the non-inoculated control but less severe 
compared to treatments that included Pythium. WRW and EME were less affected by 
Fusarium than Pythium. Additionally, the frequency of isolation of each pathogen 
species in the combined treatment was similar to the frequency of isolation in the single 
pathogen treatment. 
Our data do not support an interaction between the tested Pythium and Fusarium 
species on soybean because we did not observe more or less disease in the co-
inoculation treatments compared to when the pathogens were inoculated alone. 
Similarly, Schlub and Lockwood (1981) reported no interaction between P. ultimum and 
F. oxysporum, F. moniliforme, and F. tricinctum on soybean. However, there are several 
reports of species of Pythium and Fusarium synergistically interacting in other host 
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species, including pea, peanut, and snap bean, indicating an interaction (Kerr 1963; 
Escobar et al. 1967; Garcia and Mitchell 1975; Pieczarka and Abawi 1978).  
In our study, Pythium was readily isolated from soybean roots after only 2 days. 
This is in contrast to results reported by Schlub and Lockwood (1981), who did not 
isolate Pythium ultimum from soybean root tissue until 6 days after planting. The 
relatively high temperature (28°C) used in greenhouse assays in their study may have 
reduced growth of the pathogen and consequently delayed infection. Several studies 
have found, that the maximum germination of Pythium sporangia occurs 3-4 hours after 
exposure to seed exudates (Stanghellini and Hancock 1971; Nelson and Craft 1989). 
Thus it is not too surprising that in our study we were able to isolate Pythium from root 
tissue soon after planting, even though DS was very low at this time point. Additionally, 
in contrast to the study by Schlub and Lockwood (1981), we increasingly recovered 
Fusarium from root samples over 10 days, especially between 2 and 4 days after 
planting. In their study Schlub and Lockwood (1981), recovered Fusarium at 3 days 
after planting. Thus the 2 to 4 DAP period during germination and seedling development 
could be critical for infection by the Fusarium species we evaluated in this study.  
The P. sylvaticum and P. irregulare isolates used in this study are both 
aggressive, and caused between 35 and 65% root rot (DS) at 10 DAP. Other isolates of 
these species have also been reported to be aggressive (Rojas et al. 2017a). The 
severe disease caused by these species may have limited the ability to see differences 
in DS amongst the inoculation treatments.  Fusarium oxysporum is frequently 
associated with diseased soybean seedlings, but many isolates are known to have a 
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low level of pathogenicity (Díaz Arias et al. 2013a; Díaz Arias et al. 2013b; Warner et al. 
2016). In our study, F. oxysporum-only treatments did cause some root rot (DS), but 
WRW and EME were similar when compared to the non-inoculated control at all 
sampling times. F. graminearum is reported to cause severe root rot on soybeans (Díaz 
Arias et al. 2013b). In our experiments, disease caused by F. graminearum was similar 
to that caused by P. irregulare, but less severe than that caused by P. sylvaticum. 
Moreover, an increase in disease was not observed when F. graminearum was co-
inoculated with P. sylvaticum or P. irregulare compared to the corresponding Pythium-
only treatment. Disease was most severe when P. sylvaticum and F. graminearum were 
co-inoculated, likely due to the aggressiveness of these pathogens. 
Germination was lower than expected even in the non-inoculated control. This 
could be due to the soybean cultivar, ‘Sloan’, used in this study, the seed lot, or due to 
temperature. Nevertheless, germination did not change over time in the non-inoculated 
control. Emergence did not occur in any treatment until 6 days after planting. As 
expected, emergence increased over time in the non-inoculated control, emergence of 
seedlings in Pythium-only and Pythium-Fusarium treatments remained low throughout 
the study. These data support the effect of seedling disease on emergence and 
consequently, on stand count that is often reduced in fields where seedling disease is 
prevalent. 
 Although, we did not detect an effect of co-inoculation with Pythium and 
Fusarium species used under the conditions in this study, this does not preclude any 
interactions that may occur under natural conditions. Our experiments used a method in 
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which colonization of soybean seeds by the pathogen could occur at and very soon 
after planting. Delaying infection by either or both pathogens may change how disease 
develops. Additionally, in the co-inoculation treatments only 5cc of inoculum for each 
pathogen was used, whereas 10cc of each was used in treatments with each pathogen 
alone. This could have affected disease development because of differences in amount 
of inoculum. 
 Differences in disease assessment parameters were observed in inoculated 
treatments with the same pathogen among experiments. For example, DS of P. 
irregulare-only treatments in PIFO and PIFG was 11.19% and 1.20%, respectively at 2 
DAP. Since each interaction experiments was performed at different times, growth 
chamber conditions may have differed slightly among experiments thus accounting for 
observed differences between similar treatments in different experiments. Additionally, 
although the same isolate was used to prepare inoculum, the inoculum used in each 
experiment was prepared at different times and could also explain these observed 
differences. 
 There are many pathogens capable of causing seedling disease in soybean and 
this study covers only a few of those species. Since multiple genera and species are 
often recovered from diseased soybean seedlings, it is believed that a complex of 
pathogens causes seedling disease. Future studies that examine interactions between 
other seedling disease pathogens, including other species of Pythium and Fusarium, as 
well as Phytophthora sojae and Rhizoctonia solani would be beneficial, since an 
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improved understanding of the soybean seedling disease complex will provide insight 
into how this economically important disease can be better managed. 
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Table 1: Effect of inoculation treatment on disease severity (0-100%) at 2, 4, 6, 8, and 10 days after planting (DAP) 
of four experiments examining the interaction between Pythium irregulare and Fusarium oxysporum (PIFO), P. 
irregulare and F. graminearum (PIFG), P. sylvaticum and F. oxysporum (PSFO), and P. sylvaticum and F. 
graminearum (PSFG). Letters indicate a significant difference between inoculation treatment within each sampling 
time (p<0.05).  
 
  
  Sampling Time 
 Inoculation Treatment 2 DAP  4 DAP  6 DAP  8 DAP  10 DAP  
PIFO 
Non-inoculated control 0.00% a 0.00% a 0.00% a 0.00% a 0.00% a 
Pythium irregulare 11.19% b 19.84% b 24.85% b 23.71% b 29.08% c 
Fusarium oxysporum 0.57% a 4.44% a 6.92% a 9.29% a 11.82% b 
P. irregulare & F. oxysporum 5.04% ab 17.99% b 25.34% b 20.28% b 26.00% c 
PIFG 
Non-inoculated control 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
Pythium irregulare 1.20%  16.70% b 9.34% a 14.67% a 32.92% bc 
Fusarium graminearum 0.29%  6.07% ab 15.67% b 17.19% b 28.13% b 
P. irregulare & F. graminearum 0.45%  8.79% ab 9.53% a 11.33% a 50.00% c 
PSFO 
Non-inoculated control 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
Pythium sylvaticum 6.67%  27.96% b 31.76% c 45.36% c 57.80% c 
Fusarium oxysporum 0.33%  2.78% a 8.96% b 11.77% b 10.37% b 
P. sylvaticum & F. oxysporum 4.32%  25.37% b 33.56% c 41.88% c 49.85% c 
PSFG 
Non-inoculated control 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
Pythium sylvaticum 7.33%  20.62% b 42.06% d 38.12% c 63.44% c 
Fusarium graminearum 0.00%  6.44% a 17.18% b 23.16% b 33.93% b 
P. sylvaticum & F. graminearum 5.84%  20.42% b 28.32% c 52.58% d 70.05% c 
1
1
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Table 2:  Effect of inoculation treatment on wet root weight (grams) at 2, 4, 6, 8, and 10 days after planting (DAP) of 
four experiments examining the interaction between Pythium irregulare and Fusarium oxysporum (PIFO), P. 
irregulare and F. graminearum (PIFG), P. sylvaticum and F. oxysporum (PSFO), and P. sylvaticum and F. 
graminearum (PSFG). Letters indicate a significant difference between inoculation treatment within each sampling 
time (p<0.05).  
 
  
Sampling Time 
  
2 DAP  4 DAP  6 DAP  8 DAP  10 DAP  
PIFO 
Non-inoculated control 0.0127  0.0413  0.0743 a 0.0944 a 0.1241 a 
Pythium irregulare 0.0126  0.0232  0.0304 b 0.0399 b 0.0493 b 
Fusarium oxysporum 0.0149  0.0401  0.0605 a 0.0729 a 0.1069 a 
P. irregulare & F. oxysporum 0.0144  0.0268  0.0314 b 0.0494 b 0.0503 b 
PIFG 
Non-inoculated control 0.0127  0.0237  0.0464 a 0.0537 a 0.0825 a 
Pythium irregulare 0.0140  0.0119  0.0083 b 0.0176 b 0.0295 c 
Fusarium graminearum 0.0153  0.0160  0.0355 ab 0.0303 ab 0.0783 ab 
P. irregulare & F. graminearum 0.0136  0.0101  0.0096 b 0.0263 ab 0.0379 bc 
PSFO 
Non-inoculated control 0.0130  0.0377  0.0680 a 0.0790 a 0.1022 a 
Pythium sylvaticum 0.0104  0.0125  0.0147 b 0.0266 b 0.0212 c 
Fusarium oxysporum 0.0120  0.0334  0.0594 a 0.0716 a 0.0978 a 
P. sylvaticum & F. oxysporum 0.0123  0.0188  0.0218 b 0.0322 b 0.0610 b 
PSFG 
Non-inoculated control 0.0113  0.0294  0.0696 a 0.0808 a 0.0854 a 
Pythium sylvaticum 0.0107  0.0099  0.0128 c 0.0158 b 0.0179 b 
Fusarium graminearum 0.0122  0.0311  0.0420 b 0.0679 a 0.0725 a 
P. sylvaticum & F. graminearum 0.0119  0.0156  0.0273 bc 0.0325 b 0.0405 b 
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Table 3:  Effect of inoculation treatment on emergence (%) at 2, 4, 6, 8, and 10 days after planting (DAP) of four 
experiments examining the interaction between Pythium irregulare and Fusarium oxysporum (PIFO), P. irregulare 
and F. graminearum (PIFG), P. sylvaticum and F. oxysporum (PSFO), and P. sylvaticum and F. graminearum 
(PSFG). Letters indicate a significant difference between inoculation treatment within each sampling time (p<0.05).  
 
 
  
Sampling Time 
  2 DAP  4 DAP  6 DAP  8 DAP  10 DAP  
PIFO 
Non-inoculated control 0.00%  0.00%  22.22% a 34.44% a 51.11% a 
Pythium irregulare 0.00%  0.00%  0.00% b 10.00% b 14.44% b 
Fusarium oxysporum 0.00%  0.00%  20.00% a 31.11% a 40.00% a 
P. irregulare & F. oxysporum 0.00%  0.00%  1.11% b 8.89% b 11.10% b 
PIFG 
Non-inoculated control 0.00%  0.00%  6.67%  16.67% a 34.44% a 
Pythium irregulare 0.00%  0.00%  0.00%  0.00% b 2.22% b 
Fusarium graminearum 0.00%  0.00%  11.11%  10.00% ab 8.89% b 
P. irregulare & F. graminearum 0.00%  0.00%  1.11%  1.11% b 0.00% b 
PSFO 
Non-inoculated control 0.00%  0.00%  25.56% a 38.89% a 54.44% a 
Pythium sylvaticum 0.00%  0.00%  1.11% b 5.56% b 0.00% b 
Fusarium oxysporum 0.00%  0.00%  25.56% a 36.67% a 43.33% a 
P. sylvaticum & F. oxysporum 0.00%  0.00%  0.00% b 2.22% b 13.06% b 
PSFG 
Non-inoculated control 0.00%  0.00%  24.44% a 42.22% a 52.22% a 
Pythium sylvaticum 0.00%  0.00%  1.11% b 1.11% c 1.11% b 
Fusarium graminearum 0.00%  0.00%  6.67% b 18.89% b 13.33% b 
P. sylvaticum & F. graminearum 0.00%  0.00%  0.00% b 1.11% c 4.44% b 
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Table 4: Effect of inoculation treatment disease severity (DS) development over time of four experiments examining 
the interaction between Pythium irregulare and Fusarium oxysporum (PIFO), P. irregulare and F. graminearum 
(PIFG), P. sylvaticum and F. oxysporum (PSFO), and P. sylvaticum and F. graminearum (PSFG) measured as the 
area under the disease progress curve (AUDPC).  
 
  R2 AUDPC 
PIFO 
Non-inoculated control - - 
Pythium irregulare 0.14 4.78 
Fusarium oxysporum 0.54 1.27 
P. irregulare & F. oxysporum 0.17 2.79 
PIFG 
Non-inoculated control - - 
Pythium irregulare 0.17 3.11 
Fusarium graminearum 0.42 2.41 
P. irregulare & F. graminearum 0.37 2.53 
PSFO 
Non-inoculated control - - 
Pythium sylvaticum 0.67 8.30 
Fusarium oxysporum 0.75 0.82 
P. sylvaticum & F. oxysporum 0.55 5.19 
PSFG 
Non-inoculated control - - 
Pythium sylvaticum 0.66 12.81 
Fusarium graminearum 0.67 3.52 
P. sylvaticum & F. graminearum 0.77 10.36 
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Table 5: Effect of inoculation treatment on the change in wet root weight (WRW) over time of four experiments 
examining the interaction between Pythium irregulare and Fusarium oxysporum (PIFO), P. irregulare and F. 
graminearum (PIFG), P. sylvaticum and F. oxysporum (PSFO), and P. sylvaticum and F. graminearum (PSFG) 
measured using linear regression.  
  Intercept Slope P-value 
PIFO 
Non-inoculated control -13.43 13.80 <0.0001 
Pythium irregulare 2.97 4.77 0.0027 
Fusarium oxysporum -6.01 10.84 <0.0001 
P. irregulare & F. oxysporum 5.39 4.91 0.0007 
PIFG 
Non-inoculated control -16.88 11.48 <0.0001 
Pythium irregulare 8.81 0.98 0.0874 
Fusarium graminearum 4.67 4.55 <0.0001 
P. irregulare & F. graminearum -0.98 3.46 0.0002 
PSFO 
Non-inoculated control -5.80 10.97 <0.0001 
Pythium sylvaticum 6.92 1.65 0.0080 
Fusarium oxysporum -8.08 10.49 <0.0001 
P. sylvaticum & F. oxysporum -2.26 5.08 <0.0001 
PSFG 
Non-inoculated control -4.57 9.98 <0.0001 
Pythium sylvaticum 7.39 1.00 0.0004 
Fusarium graminearum -2.04 7.87 <0.0001 
P. sylvaticum & F. graminearum 3.37 3.69 <0.0001 
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Table 6: Effect of inoculation treatment on the change in emergence (EME) over time of four experiments 
examining the interaction between Pythium irregulare and Fusarium oxysporum (PIFO), P. irregulare and F. 
graminearum (PIFG), P. sylvaticum and F. oxysporum (PSFO), and P. sylvaticum and F. graminearum (PSFG) 
measured using linear regression.  
  Intercept Slope P-value 
PIFO 
Non-inoculated control -0.19 0.07 <0.0001 
Pythium irregulare -0.07 0.02 0.0013 
Fusarium oxysporum -0.15 0.06 <0.0001 
P. irregulare & F. oxysporum -0.05 0.02 0.0015 
PIFG 
Non-inoculated control -0.14 0.04 <0.0001 
Pythium irregulare -0.01 0.00 0.0432 
Fusarium graminearum -0.02 0.01 0.0034 
P. irregulare & F. graminearum 0.00 0.00 0.6180 
PSFO 
Non-inoculated control -0.20 0.07 <0.0001 
Pythium sylvaticum 0.00 0.00 0.2024 
Fusarium oxysporum -0.16 0.06 <0.0001 
P. sylvaticum & F. oxysporum -0.04 0.01 0.0068 
PSFG 
Non-inoculated control -0.20 0.07 <0.0001 
Pythium sylvaticum 0.00 0.00 0.2166 
Fusarium graminearum -0.06 0.02 <0.0001 
P. sylvaticum & F. graminearum -0.02 0.00 0.0549 
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Table 7: Effect of inoculation treatment on frequency of isolation of Pythium (%) on PARP+B at 2, 4, 6, 8, and 10 
days after planting (DAP) of four experiments examining the interaction between Pythium irregulare and Fusarium 
oxysporum (PIFO), P. irregulare and F. graminearum (PIFG), P. sylvaticum and F. oxysporum (PSFO), and P. 
sylvaticum and F. graminearum (PSFG). Letters indicate a significant difference between inoculation treatment 
within each sampling time (p<0.05).  
 
 
  Sampling Time 
  2 DAP  4 DAP  6 DAP  8 DAP  10 DAP  
PIFO 
Non-inoculated control 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
Pythium irregulare 53.33%  82.50% b 81.66% b 92.50% b 65.56% b 
Fusarium oxysporum 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
P. irregulare & F. oxysporum 16.66%  73.33% b 80.00% b 80.20% b 75.00% b 
PIFG 
Non-inoculated control 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
Pythium irregulare 25.00%  69.17% b 50.83% ab 69.73% b 90.00% b 
Fusarium graminearum 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
P. irregulare & F. graminearum 27.50%  41.67% ab 60.83% b 64.17% b 76.33% b 
PSFO 
Non-inoculated control 0.00% a 0.00% a 0.00% a 0.00% a 0.00% a 
Pythium sylvaticum 49.17% b 90.00% b 93.00% b 95.00% b 97.50% b 
Fusarium oxysporum 0.00% a 0.00% a 0.00% a 0.00% a 0.00% a 
P. sylvaticum & F. oxysporum 25.83% a 95.00% b 87.50% b 97.97% b 91.25% b 
PSFG 
Non-inoculated control 0.00% a 0.00% a 0.00% a 0.00% a 0.00% a 
Pythium sylvaticum 72.50% b 88.33% b 88.33% b 80.00% b 96.67% b 
Fusarium graminearum 0.00% a 0.00% a 0.00% a 0.00% a 0.00% a 
P. sylvaticum & F. graminearum 65.83% b 95.00% b 80.83% b 88.80% b 93.33% b 
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Table 8:  Effect of inoculation treatment on frequency of isolation of Fusarium (%) on water agar with metalaxyl at 
2, 4, 6, 8, and 10 days after planting (DAP) of four experiments examining the interaction between Pythium 
irregulare and Fusarium oxysporum (PIFO), P. irregulare and F. graminearum (PIFG), P. sylvaticum and F. 
oxysporum (PSFO), and P. sylvaticum and F. graminearum (PSFG). Letters indicate a significant difference 
between inoculation treatment within each sampling time (p<0.05).  
 
 
  Sampling Time 
  2 DAP  4 DAP  6 DAP  8 DAP  10 DAP  
PIFO 
Non-inoculated control 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
Pythium irregulare 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
Fusarium oxysporum 26.66%  64.17% b 91.67% b 96.67% b 96.83% b 
P. irregulare & F. oxysporum 15.00%  27.50% ab 60.00% b 90.63% b 62.50% b 
PIFG 
Non-inoculated control 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
Pythium irregulare 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
Fusarium graminearum 4.17%  35.00% ab 57.50% b 79.90% b 86.67% b 
P. irregulare & F. graminearum 6.67%  51.67% b 57.50% b 70.00% b 57.40% b 
PSFO 
Non-inoculated control 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
Pythium sylvaticum 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
Fusarium oxysporum 3.33%  69.17% b 75.00% b 97.50% b 95.00% b 
P. sylvaticum & F. oxysporum 0.00%  60.83% b 95.83% b 90.97% b 83.75% b 
PSFG 
Non-inoculated control 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
Pythium sylvaticum 0.00%  0.00% a 0.00% a 0.00% a 0.00% a 
Fusarium graminearum 32.50%  60.00% b 82.50% b 70.83% b 93.33% b 
P. sylvaticum & F. graminearum 8.33%  73.33% b 80.00% b 97.30% b 95.63% b 
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Figure 1:  Effect of time on frequency of isolation of Pythium species on PARP+B within inoculation treatments of 
four experiments examining the interaction  between A) Pythium irregulare and Fusarium oxysporum (PIFO), B) P. 
irregulare and F. graminearum (PIFG), C) P. sylvaticum and F. oxysporum (PSFO), and D) P. sylvaticum and F. 
graminearum (PSFG). Letters indicate a significant difference between days after planting (DAP) within each 
inoculation treatment (p<0.05). 
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Figure 2:  Effect of time on frequency of isolation of Fusarium species on water agar with metalaxyl within 
inoculation treatments of four experiments examining the interaction between A) Pythium irregulare and Fusarium 
oxysporum (PIFO), B) P. irregulare and F. graminearum (PIFG), C) P. sylvaticum and F. oxysporum (PSFO), and 
D) P. sylvaticum and F. graminearum (PSFG). Letters indicate a significant difference between days after planting 
(DAP) within each inoculation treatment (p<0.05). 
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CHAPTER 5. 
 
GENERAL CONCLUSIONS AND RECOMMENDATIONS 
 
 The objectives of this research identify SoyNAM parents with resistance to seed 
and root rot caused by multiple Pythium spp., map quantitative trait loci contributing to 
resistance to seed rot caused by multiple Pythium species in a SoyNAM population, and 
investigate the interaction of Pythium and Fusarium species on seedling disease 
development in soybean. 
 SoyNAM parents were screened for resistance to P. lutarium, P. oopapillum, P. 
sylvaticum, and P. torulosum in assays evaluating seed and root rot severity. In the 
seed rot assay, variation was observed in the seed rot severity, percent rotted seeds, 
and adjusted germination used to evaluate the SoyNAM parents. Similarly, variation 
was observed in the root rot assay measuring root rot severity and adjusted emergence. 
Within the 40 parents, four parents, Magellan, Maverick, CLOJ095-4-6, and CLOJ173-
6-8 were found to be resistant to seed and root rot caused by P. lutarium, P. sylvaticum, 
and P. torulosum, when compared to the susceptible check, Sloan. An additional seven 
parents were resistant to seed and root rot caused by two Pythium species in 
comparison to Sloan. Correlation analysis found that there was a weak to insignificant 
relationship between resistance to seed and root rot, suggesting that screening for 
resistance should be completed at different stages in seedling disease development. 
Moreover, this suggests that the mechanism for resistance to seed and root rot is 
different. Additionally, a weak to insignificant relationship was identified between 
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resistance to Pythium species used to evaluated seed and root rot. This indicates that 
resistance to one species of Pythium may not confer resistance to another Pythium 
species. Previously, in soybean no known reports study differences in resistance to 
Pythium species based on different stages in seedling disease development. Future 
studies should consider that host resistance can vary at the different stages of seedling 
disease development.  
 Seed rot assays were performed in SoyNAM population 29 (PI 427.136 x 
IA3023) to evaluate the effect of seed rot caused by P. lutarium, P. oopapillum, and P. 
sylvaticum. The phenotypes assessed, seed rot severity (SRS), percent rotted seeds 
(ROTS), and adjusted germination (GERM), were used to identify QTL conferring 
resistance to these Pythium species. The observed variations in phenotype among the 
RILs were not normally distributed which likely affected further analyses. Two separate 
analysis were performed on each data set to identify QTL by inclusive composite 
interval mapping (ICIM-ADD) when LOD was manually set at 3.00 and when LOD was 
set with 1000 permutations. When LOD was set at 3.00, QTL were identified for 
resistance to P. lutarium, P. oopapillum, and P. sylvaticum. However, the QTL explained 
a low percentage (less than 2.19%) of the variance observed in phenotype and would 
not be useful for breeding purposes. When LOD was set with permutations, no QTL 
were identified for resistance to Pythium. The lack of identified QTL when permutations 
were used to set the LOD threshold suggests that QTL identified when LOD was set at 
3.00, are occurring by random chance. The method used to evaluate seed rot was 
constructive assessing the resistance of germplasm to seed rot, the assessments may 
have been inappropriate for QTL mapping analysis. Using a different evaluation method 
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to assess seed rot could provide more compelling results. In known work, genetic 
resistance in soybean to seed rot caused by Pythium species has not been previously 
reported. Further studies should focus on improving phenotypic assays that improve our 
ability to identify genetic resistance to seed rot. Using the SoyNAM populations limited 
the choice of the susceptible parent because IA3023 is used as the common parent in 
the subpopulations. Selecting both the resistant and susceptible parent would allow 
selection of those parents furthest apart in phenotype and could provide a normal 
distribution of phenotype in the subsequent population 
 The effect of co-inoculation with Pythium irregulare or Pythium sylvaticum with 
either Fusarium oxysporum or Fusarium graminearum on seedling disease 
development was evaluated at 2, 4, 6, 8, and 10 days after planting (DAP). Disease 
severity (DS), wet root weight (WRW), and emergence (EME), in addition to the 
frequency of pathogen recovered from inoculated seedling roots were evaluated. 
Overall based on disease assessment parameters, there little distinction between 
treatments inoculated with Pythium alone and those co-inoculated with Pythium and 
Fusarium. Generally, in the Pythium+Fusarium treatments, DS and WRW increased 
over time, and time did not affect EME. Differences in the incidence of Pythium 
recovered from roots collected in Pythium-only and Pythium-Fusarium treatments were 
not significant. Similarly, there was no significant difference in the incidence of Fusarium 
recovered in Fusarium-only and Pythium-Fusarium treatments. Time rarely had an 
effect on the incidence of Pythium recovered, however, there was an effect of time on 
the recovery of Fusarium, particularly between 2 and 4 DAP. It was concluded that 
under the conditions used, there was no effect of co-inoculation with those Pythium and 
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Fusarium species tested. Of the many Pythium and Fusarium species infecting 
soybeans, only two species of each genera were evaluated in this study. Future work 
should focus on other Pythium and Fusarium species, as well as other pathogens 
causing seedling disease on soybean, such as Phytophthora sojae and Rhizoctonia 
solani. Additionally, research is needed to determine the environmental conditions that 
influence disease development in interaction studies of Pythium with other seedling 
disease pathogens. 
 Management of seedling disease pathogens is complicated because many 
pathogens cause this disease. Overall, research presented here has improved our 
understanding of resistance in soybean to Pythium species, which are prevalent 
contributors to seedling disease in the U.S. In addition, this work gives insight into the 
soybean seedling disease complex by evaluating the interaction between Pythium and 
Fusarium. These findings have laid the groundwork for future research on the soybean-
Pythium pathosystem, exploring resistance to Pythium species and interactions with 
other soybean seedling pathogens. 
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APPENDIX 
LINKAGE MAP OF SOYNAM POPULATION 29 (PI 427.136 x IA3023)  
Linkage map of SoyNAM population 29 (PI427.136 x IA3023) obtained from QTL IciMapping software showing marker 
position and distribution.  
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